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MECHANICS OF PROGRESSIVE CRACKING IN 
CONCRETE PAVEMENTS 


By H. M. WESTERGAARD, Professor of Theoretical and Applied Mechanics, University of Illinois 


HEN cracks form in a concrete pavement, 

larger slabs of the pavement are divided into 

smaller ones. The fact that a beam is strength- 
ened by shortening the span, suggests that the smaller 
slabs of the pavement may be less liable to overstress 
than were the original larger ones; that is, one may 
expect that in some cases the stresses will be relieved 
by reduction of the size of the slabs. The stresses to 
be considered are due to wheel loads, changes of tem- 
perature, and deformations of the subgrade. 

In general one does not expect a concrete pavement 
to remain uncracked. The essential structural require- 
ment is that the cracks, or the cracks and joints, shall 
not divide the pavement into excessively small units. 
With this peculiar structural requirement in view, one 
may ask the following questions: 

To what extent are the stresses relieved when the 
size of the slabs is reduced either by cracking or by 
introduction of joints or planes of weakness? What is 
the influence of the size of the slabs upon their strength? 
If wheel loads, and accompanying impacts large 
enough to cause a crack in an unbroken slab, occur 
occasionally, how far will the cracking progress in the 
course of time, and what is the size of the pieces into 
which the cracks will divide the pavement ultimately? 
In the light of the influences of loads, changes of tem- 
perature, and settlements or other distortions of the 
subgrade, when are the pieces small enough to be 
strong enough? 

The purpose of the analysis which follows 
answer these questions. 


is to 


CTION OF A BEAM ON UNIFORM ELASTIC SUBGRADE LOADED AT 
THE MIDDLE ANALYZED 

A panel of pavement acts as a slab and not as a 
beam. Yet, one may form an idea as to the influence 
of size by considering a concrete beam on an elastic 
subgrade, loaded at the middle, as shown at the top of 
Figure 1. Let it be assumed that the reaction of the 
supporting subgrade at each point is proportional to 
the deflection of the beam, and that the beam acts as 
if it were homogeneous and elastic.’ Then it becomes 
a matter of routine to compute the deflections and 
bending moments of the beam.? By the derivations 
described below one obtains for different lengths of 
the beam the moment diagrams shown in Figure 1. 
The dotted curve shows the relation between the 
length of the beam and the greatest bending moment. 


EQUATIONS DERIVED FOR A BEAM ON UNIFORM SUBGRADE 


Let x=horizontal coordinate measured from the 
middle of the beam; 


z= deflection; 





1 Concerning these assumptions, see the paper by the writer, Stresses in Concrete 
Pavements Computed ty Theoretical Analysis, PUBLIC ROApDs, vol. 7, No. 2, April, 
1926 + Proceedings of the Highway Research Board, meeting of Dec. 3-4, 1925, Pt. I, 
p. 90 

2 See, for example, K. Hayashi, Theorie des Trigers auf elastischer Unterlage, 
Berlin, 1921, or H. Miiller-Breslau, Die graphische Statik der Baukonstruktionen, 
vol. 2, subvolume 2, second edition, 1925, p. 195. Examples may also be found in 
the paper by the writer, Analysis of Stresses in Concrete Roads Caused by Variations 
of Temperature, PUBLIC Roaps, vol. 8, No. 3, May, 1927 (or Proceedings of the High- 
way Research Board, meeting of Dec. 2-3, 1926, p. 201). 
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a and h=dimensions as shown in Figure 1; 
E=modulus of elasticity of the concrete; 
k=modulus of subgrade reaction—that is, reac- 
tion of the subgrade in pounds per square 
inch per inch of deflection ; 

p=load at the middle of the beam per unit of 
width; p is the total load when, as indicated 
in Figure 1, the beam is one unit wide; 

M=bending moment per unit of width (total 
bending moment when the beam is one 
unit wide). 

In the present case of a beam which is not wide, 
Poisson’s ratio of the concrete, u, need not be consid- 


ered. The flexure of the beam, then, is governed by 
the equation,’ 

Eh’ dtz 

Sin dix! ar ke= ~ Vee eee eee ee re (1) 

It is expedient to introduce the distance, 
‘| Eh 
= 9 
= Vales Cane ade es @) 


This quantity is closely related to the distance, J, 
used elsewhere in studies of the flexure of conerate 


pavements, under the name “radius of relative stiff- 
4 


ness, 
In fact, - p 
Nsw Den tiese Woes ees a (3) 
With X introduced, equation 1 becomes 
M d‘z 
Taig (4) 


This equation is satisfied by the following general 
solution: 


x x 
=A cos : cosh Te sin a sinh oh CO cos = : sinh ~ x 
Bay ae % 5 
+ D sin x cosh \occc ce cecccccecee (5) 


The four integration constants, A, B, C, and D, are 
determined by four conditions applying at special 
points: 


d Mi 
Ate=0: 7 =0, Fo gat 9-c- rece c (6) 
2 es 
At x=a: da de OS OPIS iy i an eer as, aS Se ee (7) 
The first two conditions give 
SU a (8) 





3 Compare equation 10 in the paper, Analysis of Stresses in Concrete Roads Caused 
by Variations of Temperature. 
4 See the two papers by the writer referred to in the preceding footnotes. 
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ee a Tables are available by which the numerical com- 
With the substitution, a= raisin Seimei agin erict ac a < (9) putations, leading to the curves in Figure 1 can be 


one finds by using the third and fourth conditions: 








Poe cosh 2a+ cos2a+2 
~~ 2kyX sinh 2a+sin 2a 

2a—cos 2 . 
ee cosh 2a—cos 2a (10) 


2kdx sinh 2a+sin 2a7~7-"7-~~7 


By differentiating equation 5 twice, and substituting 
the values of the constants, one finds the following ex- 
pression for the bending moment at any point between 
x=0 and «=a: 


1 cosh 2a—cos 2a ae A 
dey oy aE ee eC 
cosh 2a+cos 2a+2 

sinh 2a+sin 2a 
x 
Ne 


sin ~ 
r 





at & 
sinh x 


— cos 


sinh = —sin 2 sh = 
{sin x cosh - |------- 


The greatest bending moment becomes: 


1 cosh 2a—cos 2a 


4 sinh 2e+sin 2a” 


Moves = 


The greatest stress becomes: 


__ 3 cosh 2a—cos 2a * ib, i 


y 


ph - 


2 sinh 2a+sin 2a V3k5° ~77777 


3k 


made conveniently.® 


USE OF SCALES DISCUSSED 


The scales below the curves in Figure 1 interpret, for 
different values of the depth of the beam, the horizontal 
distances in terms of feet. The scales on the right 
interpret the vertical distances as bending stresses in 
pounds per square inch, produced by a load of 1,000 
pounds per foot of width of the beam. For example, 
in the case of a beam 7 inches deep, the horizontal dis- 
tances are measured in the horizontal scales on the 
second line from the bottom, and the stresses are 
measured in the vertical scales on the second line from 
the left. The lengths of the units in the scales are 
defined by the expression for \ (equation 2) and by the 
assumed numerical values: 


f= 310) oe ee 
inches inches 








For example, with h=7 inches, equation 2 gives \= 51.2 
inches=4.27 feet. One finds the same value by 
measuring the distance representing \ on the horizontal 
scale for h=7 inches, that is, on the second line from 
the bottom, and thereby one verifies the length of the 
unit of this scale. With a=), that is, with the length 








5 K. Hayashi, Sieben- und mehrstellige Tafeln der Kreis- und Hyperbelfunktionen 
und deren Produkte sowie der Gammafunktion, Berlin, 1926. See also the table on 
pages 200-201 in the work by H. Miiller-Breslau referred to in footnote 2. ’ 
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Figure 1.—Dragrams or MoMENTs AND Stresses IN Beams or DirrerentT LeNatus, Restina on Unirorm Evastic Sus- 


GRADE, AND LoApDED aT THE MIDDLE. 


NUMERICAL VALUES ASSUMED IN CONSTRUCTING THE ScaLEs: MopuLus oF 


ELASticIry oF CONCRETE, H=3,000,000 Pounps per Square Incu; Mopuuus oF SUBGRADE Reaction, k=50 Pounps 


Per Cusic Incu 
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of the 7-inch beam ie to 2\=8.54 feet, one finds the 
maximum bending moment by measuring either the 
ordinate of the peak in the corresponding moment 
diagram or the ordinate of the point of the dotted 
curve having the abscissa \. By use of the scale on 
the left, one finds this moment to be M=0.230 px, or, 
with p=1,000 pounds per foot of the width of the 
beam, J=982 foot-pounds per foot of width=982 
inch-pounds per inch of width. Dividing by the 


section modulus, i -7? inch® per inch=8.167 inch’, 


one finds the maximum stress, o=120 pounds per 
square inch. One obtains the same value, without 
intermediate computations, by measuring the ordinate 
on the scale on the right for h=7 inches, and one 
verifies thereby the length of the unit of this scale. By 
locating a point on the same moment diagram, say, 2 
feet from the center, one measures on the vertical scale 
for h=7 inches the corresponding stress, 31 pounds per 
square inch. These examples show the use of the scales, 
as well as a method of verifying the lengths of the units. 

If k were changed from the value, 50 pounds per 
cubic inch, representing a rather deformable subgrade, 
to the value 200 pounds per cubic inch, representing a 
subgrade four times as stiff, the numerical scales, both 
vertical and horizontal, would be stretched in the ratio 
of 2 to 1, asillustrated by the scales at the bottom of 
Figure 4. 
DIAGRAMS SHOW CONSPICUOUS INCREASE OF STRENGTH ONLY 

WHEN THE BEAM BECOMES VERY SHORT 

The parts of the moment diagrams near the middle 
of the beam lie close together for all values of @ larger 
than d; that is, according to the scales, when a is larger 
than from 4 to 6 feet.. When a decreases below the 
value, A, the moment diagram drops, and the stresses 
are relieved 

When the length of the beam, 2a, is greater than 
5.5’, the maximum moment is practically constant, 
equal to 0.250 pA. The dotted curve in Figure 1 
shows that when the length of the beam is decreased 
gradually from the value of 5.5\, the moment at the 
center increases slightly until it reaches a maximum of 
0.273pr. Thereafter the bending moment decreases, 
becoming again equal to 0.250 pA when the length is 
reduced to 2.3A, and equal to one-half of that amount 
when the length is \. The following conclusions are 
drawn. If a load is just large enough to break a very 
long beam when applied at the center, the same load 
is capable of breaking any beam of length greater than 
2.3, the cross-section and subgrade remaining the 
same. If a weight of twice that amount be placed 
first on a very long beam, breaking it, then on each of 
the pieces into which it breaks, and so on, the breaking 
up will continue until the pieces have a length of 
between 0.5 and X. If the load moves gradually over 
the length of the long beam, it will break it into pieces 
of about this size. In relation to the size of slabs 
built in concrete pavements, these pieces are small. 

By use of the dotted curve in connection with the 
scales, one may determine, for a given modulus of 
rupture, the loads, p, that the different beams can carry. 
Figure 2 shows results of this sort. The assumed mod- 
ulus of rupture is 600 pounds per square inch. ‘The 
modulus of subgrade reaction, k, is still assumed to be 
50 pounds per cubic inch. The curves show that the 
strength, measured by p, does not vary greatly with the 
length so long as a remains greater than 6 feet. 





THE PAVEMENT WILL BREAK UP, ULTIMATELY, INTO SMALL UNITS 
IF THE WHEEL LOADS ARE HEAVY ENOUGH TO BREAK A LARGE 
SLAB WITHOUT THE AID OF CHANGES OF TEMPERATURE AND 
CHANGES IN THE SUBGRADE 

Figure 3 shows moments and stresses along the edge 
of a large slab on elastic subgrade loaded at the edge. 

This diagram® has a peak at the middle. This peak 

is rounded off, as shown by four examples. The result- 

ant maximum value depends on the area of contact 
between the load and the pavement, and the thickness 
of the slab. The curves rounding off the peak are 
drawn so as to indicate the proper values of the stresses 
at the bottom of the slab. The vertical scales define 
stresses in pounds per square inch produced in slabs 
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Figure 2.—RELATIONS BETWEEN SIZE AND STRENGTH OF 
BeamMs on UNirormM Evastic SuBGRADE. NUMERICAL 
VaLtues AssumMED: H=3,000,000 PouNDS PER SQUARE 
Incu; k=50 Pounpbs per Cusic Inco; Mopuuus or Rup- 
TURE OF CoNCRETE=600 Pounps PER Square INcH. 
Tue VALUE oF p MBASURES THE STRENGTH 





8 The curve is taken from Figs. 10 and 11 in the paper, Stresses in Concrete Pave- 

nents Computed by Theoretical Analysis, referred to previously, The curve was 
sitet by interpolation between the numerical values given for n.=0 and p=0.25, 
respectively, so as to obtain values for n=0.15. The maximum values are defined 
by equation 12 or Table 4 in that paper. 
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of different thicknesses by a load of 10,000 pounds. 
The horizontal scales are like those in Figure 1. A 
very similar diagram, though with smaller ordinates, 
may be drawn representing “the moments and stresses 
produced by a wheel load applied at an interior point 
of the area of a large slab, at a considerable distance 
from the edges.’ 

The diagram in Figure 3, representing moments and 
stresses at the edge of a large slab, shows a general 
similarity to the corresponding diagram i in Figure 1 for 
the long beam (with a=). This similarity warrants 
the conclusion that if the length of the slab in the 
direction of the loaded edge be reduced gradually with- 
out much change of the dimension perpendicular to 
the edge, the law of relief of stress by the reduction of 
size will be about the same as that which was found for 
the beam. If the width is reduced greatly while the 
length is reduced, the relief of stress, naturally, either 
will be delayed or will fail to appear. 

The distance between the points of zero bending 
moments serves to interpret horizontal distances in 
general. In case of the slab this distance is 0.75 times 
the corresponding distance in the case of the beam. 
One may conclude that wheel loads that would over- 
stress a large slab without the aid of changes of tem- 
perature and changes in the subgrade are capable of 
breaking up the pavement ultimately into pieces of 
even smaller dimensions than were found in the case of 
the beam. 





7 By use of Figure 5 and Table 3 in the paper referred to in the preceding footnote. 
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CCRNER BREAKS DISCUSSED 


In discussing the size of the pieces produced by 
cracking, attention must be given also to the case of 
the corner break; that is, the case in which a load at a 
corner causes a triangular piece to break off. The 
shortest distance from the corner to the danger section 
has been computed to be approximately,® 


where a, is the distance from the corner to the center of 
the load, which is assumed to be at the same distance 
from the two intersecting edges. For example, with 
E'= 3,000,000 pounds per square inch, k=50 pounds 
per cubie inch, »=0.15, and h=8 inches, giving /=40.2 
inches, and with a,=4 inches, one finds x, = 25.4 inches. 
The corresponding distance measured along the edge is 


az,-/2 = 36 inches. 


NARROW CRACKS MAY ACT TO SOME EY.TENT AS HINGED JOINTS 
TRANSMITTING VERTICAL FORCES BETWEEN THE SLABS 

While no appreciable bending moments can be trans- 
mitted across a crack in a pavement, it is conceivable 
that vertical forces may be transmitted if the crack 
remains narrow, so as to permit the rough edges of the 
adjoining slabs to interlock. The crack then acts to 
some extent as a hinged joint. A wide open crack, on 
the other hand, represents free edges of the slabs. 





§ Equation 4 in the paper, Stresses in Concrete Pavements Computed by Theoreti- 
cal Analysis, referred to previously. Values of the stresses are given in Table 2 and 
by equation 6 in that paper. 
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Narrow cracks do not always act as hinged joints. 
For example, if a crack, separating slabs A and B, 
follows a sloping surface through the thickness of the 
slab, it is possible that slab A may rest on B at the 
crack, but that B will be free to depart from A by de- 
flecting downward. Thus, with A loaded, the crack 
represents a hinged joint, but with B loaded, it repre- 
sents a free edge. Even with this possibility, it is 
probable that the statistical average of narrow cracks 
acting to some extent as hinged joints is fairly high. 
This ‘action of the cracks then becomes an important 
feature in the mechanics of the pavement. 

An observation may be obtained from the tables 
which have been computed for the stresses produced 
in a large slab by a wheel load, applied either at an 
interior point of the area or at a ‘free edge.? Consider, 
for example, a 7-inch slab, with the values of Ey iy 
and k asin Figure 3. W ith the load P= 10,000 pounds 
applied in the interior of the area, and distributed 
uniformly over a circle with a radius of 4 inches, the 
stress given by the table (Table 3 in the paper referred 
to) is 319 pounds per square inch. With the same load 
acting at a free edge, for example, at an open crack, the 
load “being distributed uniformly over a semicircle 
with a radius of 4 inches and with the center at the 
edge, and the thickness being the same, the stress 
given in the corresponding table is 494 ‘pounds per 
square inch. Now consider a narrow crack, with the 
load applied on one side of it. If this crack acts 
perfectly as a hinged joint, one may assume that one-half 
of the vertical force is transmitted through the joint. 
One might assume further that the strees is approxi- 
mately cut in two; that is, reduced from 494 to about 
247 pounds per square inch, but on account of the 
character of the local action right under the load, even 
with the joint acting ideally, the reduction would 
probably be less than one-half of the original amount. 
If the stress should be reduced to, say, 300 pounds per 
square inch, it would still be less than the stress, 319 
pounds per square inch, which was produced when 
the load acted in the interior, distributed over the area 
of a full circle with radius of 4 inches. The numerical 
example chosen is typical. An inspection of the tables 
shows that the most significant feature applies generally ; 
namely, that the stress at a free edge is appreciably 
less than twice the corresponding stress in the interior, 
the thickness being the same. 

One must not expect that even a narrow crack will 
be as fully effective as a hinged joint, as was assumed in 
the numerical example. Still, since it is probable and 
normal that the narrow crack acts to some extent in 
this manner, being partly effective as a hinged joint, 
one may conclude, first, that under normal cireum- 
stances wheel loads produce less stresses next to a 
narrow crack than next to a wide one, and that accord- 
ingly a new crack is less likely to start from a narrow 
crack than from a wide one; secondly, one may con- 
clude that it is probable and normal that the maxi- 
mum bending stress at the narrow crack will not 
exceed ereatly the stress that the same load produced 
at the same point before the crack was formed. 

Similar considerations apply to the stresses tending 
to produce a corner break. If a corner is formed in 
the interior by one crack starting from another, and 
if the cracks remain narrow, it is probable that the 
adjoining slabs will be capable of supporting one 





® Tables 3 and 4 in the paper referred to in footnote 8. 


another to some extent by transfer of vertical forces 
across the cracks. One may expect a corresponding 
reduction of the stresses due to a load at the corner, 
as compared with the stresses that would occur if the 
edges forming the corner were free. 


REINFORCEMENT KEEPS CRACKS NARROW 


In the case of subgrades which are not favorable 
relatively small amounts of steel reinforcement placed 
at the top, the middle, or the bottom of the pavement 
have proved structurally effective. The foregoing dis- 
cussion shows the advantage of keeping the cracks 
narrow. It appears that small amounts of reinforce- 
ment are capable of keeping cracks narrow, as a rule, 
and that it is this performance of the reinforcement 
that accounts for its effectiveness. 


LONGITUDINAL JOINTS REDUCE THE FREQUENCY OF WIDE CRACKS 


Tf transverse cracks occur in a fairly large number, 
only a few of them can open widely, since within a 
given length of the pavement the total distance covered 
by concrete can not vary greatly, and thus a limit is 
set for the sum of the widths of all the cracks. On 
the other hand, if a longitudinal crack occurs in an 
unreinforced pavement, it is likely to open up widely, 
since the slabs may creep transversely. In view 
of this relative significance of the longitudinal cracks, 
it appears especially desirable to anticipate the tend- 
ency for these cracks to form by introducing properly 
designed longitudinal joints. Thickened edges of the 
two “slabs, or dowels, or a tongue- and-groove design 
are well-established means of bringing about the de- 
sired increased strength of the joint, as compared 
with the strength of the free edges at the wide crack. 


THICKENED OUTER EDGES DELAY CRACKING 


The thickened outer edge may have an important 
function in keeping the subgra de material in place. 
The thickened edge may be desirable because the 
chance of defective - support is greater at the edge than 
in the interior. In the case of an even subgrade, if 
one considers either a new pavement, not yet cr acked, 
or a pavement in which all the cracks are narrow and 
capable of acting to some extent as hinged joints, a 
balanced design requires thickened outer ‘edges. It is 
true that if some of the cracks open up widely, or if 
by chance some narrow cracks, as is possible, fail to 
function as hinged joints, these cracks will represent 
unthickened free edges, and when these edges are 
considered, the design is no more completely balanced. 
Still, the thickening of the outer edge means that one 
certain weak edge has been eliminated. One may 
expect, accor dingly, a delay in the progress of cracking. 
This delay may be counted in years if the big loads, 
the fatal impacts, occur only as rare accidents. 

It seems rational to design the pavement with 
suflicient thickness everywhere to make rare and 
improbable the accident of an impact load causing a 
new crack to start anywhere, the case being included 
in which the new crack starts from a free edge at an 
existing crack. Regardless of whether the design is 
balanced under all circumstances or not, the thickening 
of the outer edges doubtless remains ‘good strategy, 
and is a rational method of prolonging ‘the life of the 
pavement by reducing the statistical average of new 
cracks per year. 
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STRESSES DUE TO CHANGES OF TEMPERATURE ARE RELIEVED 
MATERIALLY WHEN A 20-FOOT SLAB BREAKS IN TWO 

The slab of length 2a, shown at the top of Figure 4, 
tends to curl under the influence of a difference of 
temperature between the top and the bottom. If 
loads bring about complete contact between the slab 
and the subgrade, and if the temperature varies 
uniformly from the top to the bottom, the maximum 
bending stresses, contributed at some distance from 
the edge of length 2a by the change of temperature 
alone, will be as defined by the curve in Figure 4, 
marked ‘‘Case I,”’ in connection with the scales below 
and on the right.!0 The assumed numerical values 
are: Coefficient of expansion, ¢,=0.000006 per degree 
Fahrenheit; modulus of elasticity of concrete, H= 
3,000,000 pounds per square inch; difference between 
temperatures at top and bottom, t=10 degrees Fahren- 
heit. The scales are used as in Figure 1. The curve 
shows clearly the relief of stress occurring when @ is 
changed, for example, from 10 feet to 5 feet; that is, 





10 Thé curve is the same as the lower curve in Fig. 5 in the paper, Analysis of 
Stresses in Concrete Roads Caused by Variations of Temperature, as presented in 
The stresses are defined by equations 


PUBLIC RoApDs, vol. 8, No. 8, May, 1927. 
7 and 20 in that paper. 


when the length, 2a, is changed from 20 feet to 10 feet. 
The conclusion is drawn that in the process of breaking 
up, the slabs profit from reduction of size at a much 
earlier stage so far as the stresses due to changes of 
temperature are concerned than so far as the stresses 
due to the loads are concerned. 
SETTLEMENTS IN THE SUBGRADE MAY PRODUCE EFFECTS SIMILAR 
TO THOSE DUE TO CHANGES OF TEMPERATURE 

One may describe changes in the subgrade in terms 
of the shape that an originally plane upper surface of 
the subgrade would assume with the pavement unloaded 
if the resistance of the pavement to bending were 
destroyed so that the pavement would exert only an 
even pressure equal to its weight. In Case I, repre- 
sented at the top of Figure 4, this surface is assumed 
to be cylindrical, with the constant small curvature," ¢. 
It is observed that the same tendency to separation 
between the slab and the subgrade exists in this case as 
in the case of curling due to a difference of temperature 
between the top and the bottom. The curve marked 
‘“Case I” applies, therefore, to the present case of 





11 The curvature is the reciprocal of the radius of curvature. 
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COSINE CURVE, WAVE LENGTH = 4a, MAXIMUM CURVATURE, c =1079in7! 
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settlements in the subgrade as well as to the case of 
changing temperatures. The scales on the left are 
drawn so that they define the maximum stress at the 
edge corresponding to /=3,000,000 pounds per square 


ineh, €= 107° in.- 


#07 inches= 1. 6 miles). 

In Case IJ, in Figure 4, the unloaded top of the sub- 
grade is assumed to follow a cosine wave with wave 
length 4a. When the maximum curvature is the same 
as in the preceding case, equal to c, the equation of this 
surface becomes 


(radius of cylindrical surface=_ = 


With the slab continuous over several wave lengths, 
and with loads maintaining contact between the slab 
and the subgrade, one obtains, by the derivations given 
below, the dotted curve marked ‘‘Case II.’”’? The same 
scales, below and on the left, apply to both curves. 


FORMULAS DERIVED FOR COMPUTING STRESSES RESULTING 
FROM DEFORMATIONS IN THE SUBGRADE 


Let 2 denote the deformation at any point of the 
unloaded surface of the subgrade. With contact main- 
tained between the slab and the subgrade, the reaction 
of the subgrade per unit of area becomes k(z—2)). So 
long as z and 2 are functions of x only (independent of 
the other horizontal coordinate, y), the following equa- 
tion governs the flexure (replacing equation 1): 


in sae 
(om) daa tk Ge 

Poisson’s ratio, », enters here because the slab is 
assumed to be broad in the direction of y. By intro- 
ducing the quantity 


4) ER 5 
S| ae, Pos 
r slag uke ly Fe ee (18) 


which differs only slightly from the corresponding value 
defined by equation 2, equation 17 becomes: 


ak 
4 dx | 
Because of Poisson’s ratio, the deflections actually 
are not independent of y at and close to the edges w hich 
are parallel to the axis of x. No great inaccuracy is 
introduced, however, by assuming the maximum value 


of the curvature to be the same at the edge as 


O22 
yo Ox? 
farther in. The maximum bending stress at the edge 
is computed then, both in Case I and Case II, by the 


formula, — 
_ , Ehl d’z ‘ 
ao fl... a o ee 


with z determined from equation 19. 

In Case J, with z= — Fen? one arrives at the solution 
equivalent to that which was obtained in the study of 
curling.” Then, by use of equation 20, the maximum 
stress at the edge i is computed to be 


12 ne 18 and 20 in the paper, Analysis of Stresses in Concrete Roads 
.. Caused by Variations of Temperature. 





cosa sinha + sina cosha 21) 
sinh 2a+sin 2a ~~ ae 


C= Endl 5- oo 
where a= = 


_ In Case IT, with z defined by equation 16, the follow- 
ing solution satisfies equation 19: 





if 4ca? ; 
2= “iyi “7x COS 5 ---------- (22) 
I+eq at 


The maximum stress at the edge becomes, according 
to equation 20, 


2S . o44 


SO FAR AS STRESSES DUE TO DEFORMATIONS OF THE SUBGRADE 
ARE CONCERNED, LARGE SLABS ARE PENALIZED, BUT SMALLER 
SLABS PROFIT BY INCREASE OF THE THICKNESS 

Both in Case I and Case II, when a is large, the 
stresses due to deformations of the suberade are ap- 
proximately proportional to the thickness of the slab. 

Writing @=a, = EheB, one may interpret a and 6 as 

coordinates of either one of the curves. One may 


. do . _ 
observe that the rate of increase of stress, dh 8 positive 


or negative, that is, the slab is penalized or profits, 
respectively, by an increase of the thickness, according 
to whether 78 greater than or smaller than é - 

In Case I, these two quantities are approximately 
equal when a=2). With smaller values of a—that is, 
smaller size—the slab profits from an increase of h. 
For example: 2a=12 feet, £ =50 pounds per cubic inch, 
h=6 inches, gives according to the diagram: @=1.57), 
o=51 pounds per square inch; changing fh to 8 inches 
olves ¢ =39 pounds per square inch. 


A GIVEN DEFORMATION IS THE MORE UNDESIRABLE THE STIFFER 
THE SUBGRADE 
A glance at the horizontal scales in Figure 4 shows 
that the stiffer the subgrade, the more severe on the 
pavement is a given deformation of the subgrade of 
the type of Case II (so long as a is less than 38)), and 
the smaller is the value of @ corresponding to a given 
stress. Thus one observes the virtue of a subgrade 
which is capable of adjusting itself under the pavement 
after a deformation has occurred. 


CONCLUSIONS 


Conclusions are summarized as follows: 

The pavement breaks into pieces of small size, 
possibly 4 feet, or less, if the loads are capable of 
producing cracks without the aid of changes of tem- 
perature or settlements in the subgrade. 

The bending stresses contributed by changes of 
temperature and the deformation of the subgrade are 
expected to be relieved materially when the size of the 
pieces has become about 10 feet. If the deformations 
in the subgrade remain moderate for a period of years, 
there is reason to expect that the pavement will not 
break up further during this period of years, provided 
that the loads do not produce excessive stresses. 

The desirability of thick pavements is indicated by 
a consideration of the probable frequency of cracks 
after a period of years. 


EFFECT OF TYPE AND GRADATION 


OF COARSE 


AGGREGATE UPON THE STRENGTH OF CONCH 


Reported by W. F. KELLERMANN, Assistant Materials Engineer, Division of Tests, United States Bureau of Public Roads 


HE compression test has been employed almost 

universally in the past for measuring the quality 

of Portland cement concrete. Applied to struc- 
tural concrete for general purposes, this measure of 
quality has proved” quite adequate, because in such 
cases the crushing strength is the property of greatest 
interest. When the conerete is to be used in the con- 
struction of pavements, however, the crushing strength, 
although still important, is no longer the critical factor. 
Concrete pavements should be ‘designed to support, 
without cracking, heavy concentrated loads which 
subject them to high bending stresses. 

Flexural strength thus becomes the most important 
strength characteristic, and the factors which affect 
it become of interest to the highway engineer, even 
though they may not be of primary importance in 
other types of concrete construction. To illustrate 
this distinction: It has been demonstrated through 
research that within quite wide limits the kind of 
coarse aggregate empoyed has relatively little effect 
on the crushing strength of concrete, provided the 
mixture 1s workable and the aggregates sound. This 
is not true in the case of flexure, however, all of the 
test data so far accumulated indicating that such 
factors as surface texture, angularity of fragments, and 
other characteristics of the aggregates affect the 
flexural and tensile strength of the concrete to a 
marked degree. The tests which are reported in this 
paper substantiate earlier experiments along the same 
lines and indicate that the character of aggregate 
must be given consideration in the design of concrete 
for pavements. 

These tests also indicate that the compressive 
strength of concrete may be affected by the character 
of the coarse aggregate to a considerably greater extent 
than has been shown by prior investigations. 


A VARIETY OF COARSE AGGREGATES AND AGGREGATE GRADINGS 
TESTED 

The tests were conducted primarily for the purpose 
of determining the effect of type of coarse aggregate 
upon the flexural strength of concrete. Auxiliary 
data regarding resistance to direct tension as well as 
crushing strength and yield of concrete were also 
obtained. Seventeen typical coarse aggregates, in- 
cluding seven gravels, seven crushed stones and three 
blast-furnace slags were selected from various sources 
so as to give as wide a range in physical characteristics 
as possible, These were tested in concrete, using four 
typical coarse aggregate gradings as well as four paving 
mixes. The sand used was a ‘typical high-grade con- 
crete sand. Its physical properties as well as those of 
the Portland cement employed in the tests are given 
in Table 1. The physical properties of the various 
coarse aggregates are given in Tables 2 and 3. 

Kach coarse aggregate was separated into four sizes 
at the laboratory and recombined into four definite 
gradings as shown below. These gradings will be 
referred to by number ae it should be noted that 
they range from coarse to fine in numerical order of 
designation. 
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! Percentage passing—square openings 
Grading | 
No. ! ; ‘ 
| Y%ineh | l4-inech | 34-inch | 14-inch | 2-inch 
ie |= 
1 0 0 ‘a 8 40 | 100 
2 0 0 30 | 55 100 
3 0 5 45 : 70 1 100 | 
4 0 5 55 | 100. | 100 
i 











TABLE 1.—Physical properties of cement and fine aggregate used in 
all tests 


CEMENT 


Fineness, percentage retained on 200-mesh sieve, 11.5. 
Time of set (Gillmore): 
Initial, 3 hours 10 minutes. 
Final, 5 hours 35 minutes. 
Steam test for soundness, O. K. 
Normal consistency, 23.1 per cent. 
Tensile strength (pounds per square inch, 1:3 Ottawa sand 
mortar): 


Pounds 

( Oe... ee eee ee 285 

DS ocd Sees 3 RS se 380 

FINE AGGREGATE 
Sieve analysis: 

Total retained on 14-inch screen, per cent__._____- 1 
Total retained on No. 10 sieve, per cent______.___- 12 
Total retained on No. 20 sieve, per cent_____..____ 25, 
Total retained on No. 30 sieve, per cent_____.._.-_-. 42 
Total retained on No. 40 sieve, per cent. ._-_-____- 72 
Total retained on No. 50 sieve, per cent__________- 93 
Total retained on No. 100 sieve, per cent_________- 100 

Silt, anid Chay, yer Cette. 2. 2.22 eee eee 0.3 
Appanent speeiitc guagity.........-.--.22.- 2. loess 2. 66 
Weight in pounds per cubic foot (dry rodded)__-______. 104 

Opoanichmreiice nn (COlOm eS) =e Satisfactory 

Strength ratio: 

(GOV Seal: oe ate a eee ee ily 

28 °davise - See eee ee 120 
Description: Sand consists essentially of subangular grains of 


quartz, sandstone and shale, slate and feldspar. 


Table 4 gives the weight per cubic foot (dry rodded) 
and the percentage of voids for each coarse ageregate 
and for each grading. 

All agoregates are identified by number rather than 
by source of supply. 

In outlining this series of tests it was thought advis- 
able to include more than one proportion, and for this 
reason four nominal mixes (based on dry-rodded 


volumes) were included, with the following pro- 
portions: 

Mix No. 1—1: 1.6: 3. 

Mix No. 2—1:1.6:4, 

Mix No. 3—1:2:4. 

Mix No. 4—1 :2 : 414. 

Mixes No. 1 and es 2 were designed to correspond 
approximately to 1:2:3 and 1:2:4 field mixes, 
respectively. 


It will be noted that mix No. 4 (1: 4'5) is the 
only one which does not conform to theca “praegies 
This proportion was used in an endeavor to determine 
the manner in which the lower sanded mixes behave in 
flexure as compared to mixes containing smaller 
amounts of coarse aggregate, but with the same sand- 
cement ratio. 
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FABRICATION AND TESTING OF SPECIMENS DESCRIBED 


The procedure followed was to make up specimens 
for mix No. 1 and grading No. 1, usiNe all aggregates, 
on the same day. Gradings No. 2, No. 3, and No. 4 
were then made in turn we ee days. This was 
repeated for mixes No. 2, No. 3, and No. 4, in the 
order named, so that the first round of tests consisted 
of the four mixes and the four gradings for each of 
the gravel and stone aggregates and two mixes and 
four gradings of each ‘for the slag aggregates, the 
harsher mixes, No. 2 and No. 4, not being used with the 
slags. This required 16 working days to complete 
one round of tests and, where the « quantity of material 
permitted, four complete rounds were made, making 
a total of 64 batches of concrete for each ageregate. 
Thus the general averages given in Table 5 are in 


TABLE 2.—Physical properties of coarse aggregates 











Per cent . Per cent 
Aggregate No. Perce absorp- Spann crushed 
tion Bravity | material 

AQ) (ine) Saeenene 5 oe ane eon eee Doe 0. 09 2.91 100 
424n(Giliceousieraviel)........-..-----.----=- 29.9 . 68 2.59 | 313 to 28 
46i(siliceous limestone) ___.-.......---.-... 13.0 . 04 2. 76 100 
SOMSiliceousigravel)_.........-...-..---- : 210.8 98 2, 60 45 
G0): (Gini?) a... see 2A) 3 i 2.61 100 
(G)iL, (RENTOUL 01) ee lee, 4.55 2023) 100 
62 aM INiGas)) ONGK2) 5 ee 13.5 alta} 2. 66 100 
63 4 (argillaceous limestone) -_.--..-_. eee 16,8 4.42 2. 30 100 
63a 5 (argillaceous limestone).....-.--.---- 110.4 6. 56 2.18 100 
oe (siliceous gravel)__._..._....----------- 214.5 . 50 2. 65 20 

GonGguliecousmenaviel)!..._---.---.----..--- 213.4 BOO) 2.61 | 246 to 76 
66 (limestone gravel) .......-.-.-_-----_--. : 29.8 1. 23 2.64 | 333 to 39 
67 (limestone gravel).........---..-..---_-. 116.1 Ps iat 2.57 | 367 to 92 
He(Silicoowmignawel)|--......---.-.--------. 212.8 5 ey 2. 58 1} 
G39 (CSJIST) cree eer ROOM re | aera ees 1. 83 100 
70) (sl) eee ee Ma) eu iae 2 oases ee 2. 06 100 
il (@lG}))) -Saees - ose ete ee IW 09 | Looe 2. 27 100 
72 (shelljimvestone)....-.-.-..---- 17 IL, tel? 2.47 100 

















1 Test made on crushed material. 
2 Standard test for gravel. 
’* The percentage of crushed material in different gradings was as follows: 











Grading No, 
Aggregate No. a aan aa = 
1 2 3 4 
5, A aE Ei oem be ce ee 13 14 28 20 
ame ee on 360e 82 See ee ene See 50 46 76 67 
en Sree ee Ne oo oa ee eke Sua z 33 33 35 39 
(OG. tos RE Oe c 71 67 


92 | RR 








4 First shipment of material. 
5 Second shipment of material. 


TABLE 3.— Mineral composition of coarse aggregates 





Aggre- 


gate Mineral composition 





40 | Trap—Diabase and basalt. 

44 | Gravel—Quartzite, 65 per cent; quartz, 30 per cent; ironstone concretions, 
2 per cent; chert, 3 per cent. 

46 | Siliceous limestone—Massive limestone, 98 per cent; lime, calcite veins, or 
pure calcite pieces, 2 per cent. 

50 | Gravel—Quartzite, 60 per cent; gneiss, 20 per cent; slate, 15 per cent; chert, 
1 per cent; basic igneous, 4 per cent. 

60 | Granite—Dark, 25 per cent; gray, 10 per cent; pink, 65 per cent. 

61 | Sandstone—Rounded fragments. 

62 | Cherty limestone—Pure limestone, 30 per cent; chert limestone, 70 per cent. 
63 | Argillaceous limestone—Light, 50 per cent; dark, 50 per cent. 

§4 | Gravel—Milk quartz, 10 per cent; gneiss, 80 per cent; badly weathered 
gneiss, 10 per cent. 

65 | Gravel—Quartz, 90 per cent; gneiss, schist, and basic minerals, 10 per cent. 
66 | Gravel—Cherty dolomite (3 colors). 

67 | Gravel limestone—Thin rounded limestone, 75 per cent; chert, 5 per cent; 
basic rocks, granites, 20 per cent. 

68 | Gravel—Granular milk quartz, 80 per cent; rotten chert, 15 per cent; gneiss, 
5 per cent. 

69 | Slag. 

70 Do. 





Do. 
72 | Limestone—Shell limestone. 
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TABLE 4.—Weight per cubic foot and percentage of voids of 


coarse aggregates 











\ 
Grading No. 1 Grading No. 2}Grading No. 3iGrading No. 4 
\ | | 
Aggregate No. Weight Weight Weight Weight 
WEY lee. per ele Her ier ewes 
cubie _ oids, cubic Voids cubic ‘ aids! eit Voids 
foot foot foot foot 
2 a a 
Pounds P.ct.| Pounds P.ct.| Pounds P.ct.| Pounds! P. ct. 
40 Nina) _— = ee 105 | 42) 105 | 4 106 42 104 12 
44 (siliceous gravel) ____. 110 a 111 31 113 30) | 110) 32 
46 (siliceous limestone) __ wl: 414 101 4] 102 aoe | 102 41 
50 (siliceous gravel) ____. 0 BBY 106 30 TOs | BB HON), 33 
GOI erga) nes oe 09 39 | 100 39 101 38 100 | 39 
¢1 (Sandstone)_._-..-__- ‘otal hy SS by Cie, a, 90 a 
62 (cherty limestone) -_- 99 40 100 | 40 100) 40 100; 0 
63! (argillaceous lime- : I | 
Siijn¢) a ee 88 39 88 29 99 38 | 90) 38 
63a? (argillaceous lime- ; | 
SiC) ae. 85 | 38 86 37 87 36 | ; ae 
64 (siliceous gravel). __, 1091 84 lll 33 111 33 mer oe 
65 (siliceous gravel) _____ 109 | 33 110 33 110 33 108 | 34 
66 (limestone gravel) - = oy, Be 108 35 109 34 108 35 
67 (limestone grav hee 105 34 107 32 108 Be 106 34 
68 (siliceous gray me zm 10880 eos 110 By 110 32 110 32 
GGNGlam)ewemee 8 65° 43 67 4] 66 42 (8 40 
TONG aN eee. ele. ae 74 | 43 76 4] ree 40, TS | 40) 
71 (slag) . | 82 | 42 83 42 83 2 8A 10) 
72 (shell limestone)... 90, 42 a0 42 Q0) 42 SU: 12 




















! First shipment of material. 
? Second shipment of material. 


TABLE 5.—Water-cement ratio, cement factor and strength tests— 
general average of all mixes and all grading ! 














| 
Bags of , . be . 
© ee rupture | Strength strength 
i} 
= — 
Lbs. per | Lbs. per Tbs, per 
sq. inch sq. inch . sq. inch 
40 (trap)....-.-.-- seeese| OLS 6.08 525 220) | 2, 850 
44 (siliceous gravel) _. RS : 4 Geos 47h i 195 | 2. RBC 
46 (siliceous limestone) - _. . 86 5. 99 | 590 235 2, 940 
50 (siliceous gravel)___.____._. 5 fei) Gy (i) 530 | 215 | 2, 9S) 
60 (granite)... __. ee eG. 2 88 5.84 52K) 905 | 3, O20 
61 (sandstone)... __ 5 1.08 i 8) 580 235 | 3, 470 
62 (cherty limestone). . é 88 fy, eh AYO Weta 2, O40 
63 (argillaceous limestone) _ if, (010 i, Oe 495 240 1 3, 140 
64 (siliceous gravel)_____- : J 85 | ay 465 190 2, 920 
65 (siliceous gravel) .___ ae Reon) il 405 195 2, 860 
66 (limestone gravel)_________ 86 | 5. 69 585 250 3,310 
67 (limestone gravel) _.- 89 5. 68 BRO | 250) 3, 300) 
68 (siliceous gravel) .._.__ JS4 5.61 425 ah) j 2, O21) 
72 (shell limestone) ._._..-_- . 98 5.95 550 ao | 3, 140 
) 


1 Flexure and tension specimens broken at 29 days, compression specimens broken 
at 33 days. 


practically all cases based on tests on 64 specimens. 
Each batch of concrete was large enough to make one 
6 by 6 by 30 inch beam and one 6 by 21 inch tension 
cylinder with some excess. The volume of conerete in 
in each batch was measured for yield determination. 
All mixing was done by hand in dry pans, the 
amount of water used being that required to produce 
a consistency corresponding to a flow of 150.’ Steel 
forms resting on steel plates were used for the beams, 
while the cylinders also rested on steel plates. The 
concrete was placed in the beam molds in two layers, 
each layer being rodded about thirty-five times with a 
-inch steel rod, bullet-shaped on the end. The sides 
were then spaded and the top struck off with a wooden 
float, the final finishing being done with a stcel float. 
In making the tension cylinders the concrete was 
placed in three layers, each laver being rodded about 
thirty times with the same rod, Due to the limite d 
facilities for handling the large number of specimens 
involved it was found necessary to keep pean in moist 





1 Percentage of original diameter of the mass after 15 drops of 14-inch in ten second 


on a30-inch flow table. 
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air for 28 days after 1 day in the molds, so that the age 
at test was 29 days instead of the conventional 28 days. 

The beams were tested with a portable cantilever 
device with an extension arm and dynamometer for 
applying the load. A view of this machine is shown in 
Figure 1. The dynamometer was fastened directly to 
the extension arm so that no friction due to pulleys was 
included in the measured load. Two breaks were 
made on each beam. The tension cylinders were 
broken in a 100,000-pound Universal testing machine 


ee eee | 





Ficure 1.—PortTaBLeE DervicE For TrEsTING BEAMS AS 
CANTILEVERS SHOWING A Beam READY ror TEst 


equipped with a hand wheel for slow application of load. 
A set of grips similar to those designed in the research 
laboratory of the Portland Cement Association was 
used for gripping the specimens. They may be briefly 
described as two pieces of 6-inch steel pipe lined with 
leather and split part way along four elements so as to 
slip over the ends of a straight cylindrical concrete 
specimen. The segments are drawn tight on the speci- 
men by meansof tangential bolts, thus developing enough 
friction between concrete and leather to prevent slip- 
ping during the test. Bolts passing through the head of 
each grip are provided with ball and socket joints both 
in the grip and at the centering plate on the testing 
machine, thus making the specimen and grips self align- 
ing. A view of the device is shown in Figure 2. 
‘Remnants from the tension specimens were capped 
with a neat cement paste made with a calcium chloride 
solution and broken in compression at 33 days. They 
varied in height and a correction factor was applied 
to make the ultimate load correspond to a specimen 
having a height twice its diameter. Results were 
therefore obtained in flexure and tension on the same 
batch of conerete cured in exactly the same manner 
while results were also obtained in tension and com- 
pression on exactly the same specimen but tested at 
shghtly different ages. 
RESULTS SHOW WATER-CEMENT RATIO NOT THE ONLY FACTOR 
AFFECTING STRENGTH 
Figure 3 gives the average results of all strength tests 
for all ageregates except the three slags. T hey were 
omitted beewuse they were not included 1 in mixes No. 2 
and No. 4 (1:1.6:4 and 1:2:4%) and naturally could not 
be included in these grand averages. This same 
information, together with the corresponding water- 
cement ratios and cement factors, is given in Table 5. 
The unit values for the tensile str ength and modulus of 
rupture were calculated to the ne arest pound. These 
figures were carried through to the final averages. 
In the tables, however, the unit values are given to the 
nearest 5 5 pounds. The water-cement ratios reported 








in this and other tables 
were based on the total 
amounts of water added 
to each batch without 
correction for absorption 
of aggregates. 

The modulus of rupture 
curve in Figure 3 shows 
that the aggregates ar- 
range themselves in three 
general groups. For the 
purpose of discussion 
those showing a modulus 
of rupture of more than 
550 pounds per square 
inch have been placed in 
the first group, those be- 
tween 550 and 500 in the 
second group, and those 
less than 500 in the third 
group. In the first group 
there are four aggregates, 
Nos. 46, 62, 66, and 67 
(one siliceous limestone, 
one cherty limestone, and 
two limestone gravels), with but 10 pounds per square 
inch difference among them. Inthe second group there 
are sIX aggregates, Nos. 40, 50, 60, 61, 68, and 72 (one 
each of trap, oranite, sandstone, shell limestone, and two 
siliceous gravels), while in the third or low eroup are 


2.—A TENSION SPECI- 
MEN READY FOR TESTING 


Figure 


four agoresates, Nos. 44, 63, 64, and 65 (three siliceous 


and one argillaceous " limestone). Figure 4 
how the average strengths in tension, compres- 
sion, and bending for each ageregate rary from the 
average for all aggregates. The highest value for modu- 
lus of rupture exceeds the lowest value by 27 per cent. 
A question naturally arises as to the reason for this 
difference, and it is explained by a consideration of such 
factors as water content, absor ption, angularity of par- 
ticles, and structural soundness of the aggregates. Since 
all of the concrete was made to the same consistency 
and the proportions and gradation for a given condition 
were constant, the amount of water used depended to a 
large extent upon the shape and absorption of the 
aggregates. 

We may assume first, that, other factors remaining 
the same, the amount of mixing water or the water- 
cement ratio used would be the cause of this difference. 
Comparing the siliceous gravel aggregate No. 64 with 
a water-cement ratio of 0.85 and an absorption of 0.50 
per cent with the siliceous limestone aggregate No. 46 
with a water-cement ratio of 0.86 and an absorption of 
0.04 per cent, we would expect the siliceous gravel to 
absorb a considerable amount of water, while the sili- 
ceous limestone would not, thereby lowering the net 
water-cement ratio in the case of the siliceous gravel. 
Under these circumstances the siliceous gravel should 
vive the higher flexural strength, but on the contrary 
the siliceous limestone gave a strength 27 per cent 
higher than the siliceous eravel. Following the same 
line of thought, the siliceous gravel (No. 64) should give 
higher strengths than a number of the other materials, 
but reference to the data will show that this is not the 
case. Comparing other aggregates on the same basis 
will show that in so far as this investigation is con- 
cerned the water-cement ratio is not the only factor 
which controls the strength. 


gravels 
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AGGREGATE NUMBER AND TYPE 
FigurRE 3.—AVERAGE StrenctH Tests ror ALL Mixus 


AND ALL GRADINGS 


Considering next the angularity of the particles of 


the coarse aggregate, we see from Table 2 that the 
siliceous limestone and cherty limestone aggregates in 
the high group designated as Nos. 46 and 62, consisted 
entirely of crushed particles, while the limestone gravel 
designated as No. 66 had from 33 to 39 per cent 
crushed and No. 67, a limestone gravel, had from 67 
to 92 per cent, depending upon the } par ticular gradation 
considered. The two limestone gravels differ “from the 
two limestones mentioned first in that they are crushed 
gravels and have some surfaces rounded, while the lune- 
stones are 100 per cent crushed. In the low group, 
the siliceous gravels, Nos. 44 and 64 both had a very 
low percentage of crushed material, although the sili- 
ceous gravel, No. 65, also of the low group, had a 
greater percentage than the limestone gravel, No. 66, 
in the high group. The trap, siliceous limestone, 
and granite (Nos. 40, 46, and 60), all had 100 per cent 
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AGGREGATE NUMBER ANO TYPE 
Figure 4.—VARIATION IN STRENGTH OF Eacu AGGREGATE 
FROM THE GENERAL AVERAGE FoR ALL AGGREGATES Ex- 
CEPT SLAG 





crushed material, but this siliceous limestone showed 
a strength about 13 per cent higher than the other two. 


MINERAL COMPOSITION OF AGGREGATE FOUND TO BE IMPORTANT 


Since these facts do not explain the strength varia- 
tions described Jet us examine the physical charac- 
teristics of the coarse aggregates still further. Taking 
first the high group, we see from Table 3 that No. 46 
is a siliceous limestone, No. 62 is a cherty limes.one, 
No. 66 is a cherty dolomitic crushed gravel, ha No. 67 
is a crushed limestone gravel with some chert. Two 
of these materials are crushed stones, one is a crushed 
gravel with about one-third crushed pieces, and the 
fourth is a gravel with about three-fourths crushed 
pieces. All of these materials are from different 
sources, two of them falling into the general class of 
crushed stone aggregates and two into the general class 
of gravel aggregates. From a mineralogical stand- 
point, however, they are practically the same, all four 
being essentially calcareous. 

Considering the low group, we find Nos. 44 and 65 
are essentially quartz gravels, while No. 64 is a gravel 
composed mostly of gneiss and quartz. No. 63 is an 
entirely different material, being a soft argillaceous 
limestone. This particular material was of two vari- 
etles and varied Ai eat throughout the series. 
The quartz gravels, Nos. 50 and 68, may be placed in 
the same mineral group with Nos. 44 and 65 5, but they 
show a considerably higher flexural strength and were 
placed in the intermediate strength group. Since 
in the material found in any one of these aggregates 
weathering may have progressed farther than in similar 
material in another, we might expect a difference in 
structural soundness which would affect the flexural 
strength. 

Of the aggregates in the intermediate group, No. 40 
is a very hard and heavy trap rock; No. 60 is a sound 
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granite; No. 61 is a very soft sandstone, practically 
every piece of which fractured in the flexure tests; 
No. 68 is a material somewhat similar to No. 50, but 
from an entirely different source; and No. 72 1s a shell 
limestone containing many soft pieces but which gave 
much higher strength than any other aggregate listed 
in the intermediate group. 

Considering all factors, the tests clearly indicate that 
the mineral composition of the coarse aggregate is of 
prime importance and must be considered along with 
other factors when the question of resistance to bending 
arises. 

Referring again to Figure 3 and Table 5, and exam- 
ining the tensile strength values, we find a difference of 
34 per cent between the highest and lowest results. 
In this particular case the shell limestone aggregate 
No. 72 shows the highest value, with the limestone 
gravel aggregates Nos. 66 and 67 only slightly lower. 
It will be remembered that the latter two aggregates 
showed very high strength in the flexure tests. The 
siliceous limestone, cherty limestone, sandstone and 
argillaceous limestone (Nos. 46, 62, 61, and 63) also 
show high tensile strength. In fact, the difference 
among eight aggregates, beginning with No. 68 at 210 
pounds per square inch and ending with No. 63 at 240 
pounds per square inch is very slight. However, the 
values are rather small, which makes the percentage 
variations large. There is a distinctive low group 
composed of three siliceous gravels (Nos. 64, 44 and 
65), the same aggregates showing low flexural strength. 
It is readily apparent that the aggregates do not ar- 
range themselves in exactly the same order in tensile 
strength that they do in flexure, the main difference 
occurring in the soft sandstone and limestone aggre- 
gates, Nos. 61, 63 and 72, which show a higher relative 
strength with respect to the other aggregates in tension 
than in flexure. 

In the compressive tests also shown in Figure 3 and 
Table 5, we see that with the exception of the sandstone 
and two limestone gravels Nos. 61, 66 and 67, the 
average crushing strength runs fairly close to 3,000 
pounds per square inch for all aggregates. Comparing 
the compression curve with that for flexure and tension 
shows that the two limestone gravel aggregates Nos. 66 
and 67 are outstandingly high for all three types of 
test, while three of the siliceous gravels Nos. 44, 64, 
and 65 are low in all cases. For the balance of the 
materials, however, there appears to be no consistent 
relation between compression and either modulus of 
rupture or direct tension. These values in general 
show the fallacy of attempting to use direct ratios 
between compression, tension and flexure in a general 
way, and without taking into account the particular 
material at hand. 

Proceeding now to Figure 5, we shall examine the 
strength values for each mix, individually and collec- 
tively. These data, as well as the corresponding water- 
cement ratios and cement factors for each mix, are 
given in detail in Table 6. 

In Figure 5, the three slag aggregates, Nos. 69, 70, 
and 71, are included for the 1:1.6:3 and 1:2:4 mixes. 
It will be observed that each of the three slags shows 
relatively high values for modulus of rupture for the 
1:1.6:3 mix, but that the corresponding values for 1:2:4 
mix are somewhat low as compared to the calcareous 
materials comprising the high-strength group. Ex- 
amining the four modulus of rupture curves collectively 
we see that in general they are parallel, the greatest 
discrepancy being sandstone aggregate No. 61, which 
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shows quite erratic results. It is also interesting to 
note from the graphs that the curves for the 1:1.6:3 
and 1:1.6:4 mixes dip down in the case of the argilla- 
ceous limestone aggregate No. 63, while for the two 
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64 SILICEQUS GRAVEL 
44 SILICEOUS GRAVEL 
65 SILICEOUS GRAVEL 
63 ARG.LIMESTONE 

60 GRANITE 

61 SANDSTONE 

6B SILICEOUS GRAVEL 
40 TRAP 

50 SILICEOQUS GRAVEL 
72 SHELL LIMESTONE 
67 LIMESTONE GRAVEL 
66 LIMESTONE GRAVEL 
62 CHERTY LIMESTONE 
46 SILICEQUS LIMESTONE 
71 SLAG 

69 SLAG 

7O SLAG 
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Figure 5.—Strenctu Tests ror Eacu Proportion, 
AVERAGE OF Four GRADINGS 


| 








June, 1929 


PUBLIC ROADS wi 








leaner mixes they go up. For the trap aggregate No. 
40, the curves dip down for the leaner mixes, while 
they go up for the richer ones. Considering the two 
materials, No. 40 is a very hard trap rock which we 
would naturally expect to show to better advantage in 
a rich mix, while No. 63, being a softer material, the 
opposite is of course true. Note also the relatively 
high strengths for the granite aggregate No. 60 in the 
two richer mixes. 


TABLE 6.—Average water-cement ratio, cement facior, and results 
of strength tests (includes four gradings) of all mixes ! 








































































HE Geshe JL Loe 
) | Bags of | 
Agerecate No We | cement | Modulus; Tensile ,Compres- 
| CG wiser; oe ‘of rupture strength : strength 
Lbs. per | Lbs. per | Lbs. per 
sq. in, Sq. in.) sq. in. 
&Q) (Cio), ae 0.75 | 7.08 AOS | 260 | 3. 390 
Aae(Suliceous enaviel))..._.......-.. 74 | 6.49 530 235 | 3, 320 
46 (siliceous limestone) _.___._.__- 75 | 6.97 650 2705) | 3, 420 
AO (Qe) ree figs 6.59 585 260 at, V0) 
CES) (OU AE) ; .76 6. 80 590 275 | 3, 650 
HIM (GAGStOTNE)o 2... ----2---4--- . 93 Gua £60 280 | 4, 150 
62 (cherty limestone)...-._.-.___- . 76 | 6. 90 655 285 | 3, 610 
63 (argillaceous limestone). ia a 50 | 6. Y2 545 Oi) 3, 590 
C1 (i) aes sha! 6. br 635 225 | 3, 420 
Gon(@raviel)....---- Beek e rae 74 6.57 550 vasa) 3, 320 
(it: (SRG) oe a | 6. 68 650 250 3, 850 
67 (gravel limestone)_._.._-______- ae 6. 69 670 310° 4, 010 
CS (2200) — ss eee =a 74 | 6.47 585 260 | 3, 460 
69 (slag) eel nr 86 | fio lt 640 340, | 3, 570 
i) (Ge)... aa i w8l | 7. 03 640 335 | Casal 
jl (Go) 80 | ei! 625 B10 | 3, 780 
Mea(eWelllimestone):—..--522-_...- 83 6. 94 605 | Bs) | 3, 810 
| | 
1:1.6:4 MIX 
| 
40 (0820) eee ; O81 6.16 555 | 210 2, 980 
44 (siliceous gravel)_....-...-____- .79 Pee: 495 | 195 38, 070 
46 (siliceous limestone) _.._._____- 81 6. 03 605 230 3, 000 
pO MSiliceous gravel).........-..... . 80 5. 69 545 210 3, 150 
UM(Gteymite)-..----------..--.-.-- . 83 5, 92 550 225 3, 080 
DUM StONe)_--.......-.2--2---. _ id, (0 5.81 560 235 3, 650 
62 (cherty limestone)_.._..-...--- | 83 5.97 615 | 935 3, 000 
63 (argillaceous limestone).._._.-- 1 98 | 5. 98 500 | 240 3, 130 
64 (siliceous gravel)._.....-....... | .80 | 5, 68 475 185 3, 020 
65 (siliceous gravel)........._..__. .78 5. 69 515 | 195 3, O10 
66 (limestone gravel) _._....__.__- TS) fh, a) 610 | 255 3, 460 
G7 (limestone gravel)_......_-__-- 85 5, 74 605 | 250 3, 430 
68 (siliceous gravel)__._._._._.__- . 80 6. 63 540 ! 205 | 3, 0380 
72 (shell limestone)...--.----..-.- . 92 6. 06 570 | 250 3, 250 
\ 
122734 MIX 
‘Oe | 0,91 | 5, 74 480 | 205 2, 590 
44 (siliceous gravel)._....--...---- | 2 lt) by, ue 440 | 190 2, 630 
46 (siliceous limestone) . 92 5. 64 550 225 2, 630 
50 (siliceous gravel)__- 1g] | 5.31 600 205 2, 680 
GOMEramite)y_-. .O4 | fi, il 480 | 205 | 2, 740 
61 (Sandstone). _- |) Lawless 5. 40 520 225 3, 140 
62 (cherty limestone). ___- 95 | 5.56 ABA 220) 2, 620 
63 (argillaceous limestone) AO 5, 68 480 230 2, 940 
64 (siliceous gravel) ___ alll | 5. 30 435 190 2, 640 
65 (siliceous gravel) - Antoun diy 2) 460 185 2, 660 
66 (limestone gravel) - oor iy oi) 550 235 3, 100 
67 (limestone gravel) __.__.._-._-- Shi 5. 33 545 | 215 2, 930 
68 (siliceous gravel)_.._.-_. Spee GL hed 485 190 2, 600 
69 (slag) _. 1.09 , i, ql 510 225 2, 540 
70 (slag)... 1. 02 5.70 520 | 250 2,790 
LG?) aaa 1. 00 fh ie 510 225 2, 660 
72 (shell limestone) ene eee | aL OBS iy il 515 235 2, 850 
i 
1s2i 4 INEIEX 
AWANUNAD) =... 22--onGeu-----.----- 0. 94 5. 36 460 195 2, 430 
44 (siliceous gravel)_....._..___._- SO: 4. $5 430 165 1 2, 430 
46 (siliceous limestone) -_____.___- U4 fe, Der 555 205 : 2, 650 
50 (siliceous gravel)_........_-_.- Je 4.94 | 485 190 | 24, ull 
Cur(anemive) 2s... a--- 97 fi, 470 190 | 2, 590 
Gur (Gatvdst@me).....__........___.. Haas 5.01 480 195 | 2, 930 
62 (cherty limestone)__.._-_._.____- . 96 5. 21 630 206 | 2,520 
63 (argillaceous limestone) __.____- Vp, IL ph ale 460 Dae 2, 880 
64 (siliceous gravel)____-_...______ . 98° if O4 | 420 160 | 2, 580 
65 (siliceous gravel)__-.._..._.___ oe 4.99 450 170 | 2, 450 
66 (limestone gravel)__.....______ OF | 4.98 | 535 | 215 2, $20 
67 (limestone gravel)___-____.____ 299 4.97 520 220 2, 840 
68 (siliceous gravel)___....-...-_-- 92 | 4,94 480 175 2, 5Y0 
72 (shel limestone)___.....______- 1. 06 | bee 505 215 2, 660 
| 








1 Flexure and tension specimens broken at 29 days, compression specimens broken 
at 33 days. 


RESULTS INDICATE DESIRABILITY OF DETERMINING CONCRETE- 
MAKING PROPERTIES OF AGGREGATES 


The relation between flexural strength and pro- 
portions as affected by either changes in the sand- 
cement ratio or the amount of coarse aggregate may 
also be studied by reference to Figure 5. Tor instance, 
using mix No. 38, 1:2:4, as the starting point, we find 
that increasing the amount of coarse aggregate to 41 
parts only slichtly lowers the strength, the average 
difference in modulus of rupture e being only 15 pounds 
per square inch. On the other hand, decreasing the 
sand to 1.6 parts (mix No. 2) and holding the coarse 
aggregate constant has a marked effect, ‘the average 
increase for all aggregates being 50 pounds per square 
inch. Comparing “the 1:1.6:3 and 1:1,6:4 mixes (Nos. 
1 and 2) likewise shows that decreasing the coarse 
ageregate one part, with the sand held constant, still 
further increases the strength about 40 pounds per 
square inch. It is interesting to note, however, that 
the maximum variations in strength for a given mix 
due to’ type of aggregate is as great as the average 
difference in streneth ‘between the richest and leanest 
mixes used. The siliceous limestone aggregate No. 46, 
for instance, used in a 1:2:4% mix, develops a some- 
what higher strength than siliceous eravel aggregate 
No. 64 in the 1:1.6:3 mix. Reference to Table 6 
shows that in the first case 5.27 bags of cement were 
used per cubic yard of concrete, whereas in the second 
ease 6.57 bags were required. The economic pos- 
sibilities resulting from a study of the concrete making 
properties of aggregates should be obvious to any one 
studying these data. 

Referring now to the tensile strength curves in 
Figure 5, we note that the three slag aggregates are 
high i in strength for the 1:1.6:3 mix w chile in the 1:2:4 
mix, slag No. 70 shows the highest strength of all, 
with the other two slags, Nos. 69 and 71, in the high 
group. One noticeable difference between these curves 
and those for the flexure tests is that the greatest 
difference in tensile strength was found between the 
1:1.6:3 and 1:1.6:4 mixes (Nos. l-and 2) instead of 
me the 1:2:4 and 1:2:4% mixes (Nos. 2 and 3). 
This is an indication that the tensile and flexural 
strength does not increase in exactly the same ratio 
as the mix is changed. This will be discussed more 
fully later. 

In the compression curves in Figure 5, two of the 
slags, Nos. 70 and 71, are fairly high in strength in 
the 1:1.6:3 mix, while the other slag, No. 69, 1s she¢htly 
below the average. In the 1:2:4 mix, however, slag 
No. 70 is about the average, while Nos. 69 and 71 are 
below the average, showing a she¢ht falling off in 
strength for the slags in the Jeaner mix. In ail mixes, 
the sandstone No. 61 is higher than any other agegre- 
gate, while the limestone gravels, Nos. 66 and 67, also 
show consistently high values. All four curves are 
practically parallel. In general, there is about the 
same difference in strength between the 1:1.6:3 and 
1:1.6:4 mixes as between the 1:1.6:4 and 1:2:4 mix, 
while the 1:2:4!4 mix was close to the 1:2:4 mix, as was 
the case in tension and flexure. 

Figure 6 shows the percentage variations from the 
average in tension, flexure and compression for each 
agoresate for each mix. 

Figure 7 and Table 7 give the strength values for 
each individual grading, each value being the average 
for the four mixes. The modulus of rupture curves 
show no consistent difference in strength for variations 
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MODULUS OF RUPTURE TaBLeE 7.—Water-cement ratio, cement factor and results of strength 
11 63MIx 1 6 4MIX tests (on four mixes)! 
Lio GRADING NO. 1 
Bags of | hrodulus| | (@ome 
W | socement ' Tensile : 
vi ae cj = ' ye 
Aggregate No. CG | percubic oe strength | Renate 
yard | 
& ; Lbs. per | Lbs. 4 ' bs. a 
TENSILE STRENGTH sq. inch | sq. ine sq. inch 
S ena ee 40) Gia) ee ee 0. 82 6. 13 515 210 2, 830 
= ae 44 (siliceous gravel). ------._---- 80 5, 58 475 | 180 2,810 
5 46 (siliceous limestone) ._._..-.-.- "82 6. 04 505 210 2, 900 
rs 50 (siliceous gravel) ...-...------- 82 Buiil 540 195 2, 990 
Zz 60 (granite)...-.-.-..----.------- "83 5. 93 535 | 210 3, 150 
: G(Seme atone). > 2 c=... eee 1.03 5, 82 535 | 240. 8, 530 
& 62 (cherty limestone).....__.-__.- 183 6. 00 595 230: 3, 000 
e 63 (argillaceous limestone)_-__.--- . 96 6, 02 520 | 240 | 3, 280 
= 64 (siliceous gravel)__._-_-.-_---- ~82 5 will 475 | 180 2, 920 
o 65 (siliceous gravel) ___....-..-.-- 81 5. 68 490 175 2,770 
Ss 66 (limestone gravel) ._.._.-.-__-- 83 5.70 590 | 240 3, 370 
a fi7 (limestone gravel) .._....._.--- nist) 5. 76 585 225 , 3, 210 
= 68 (siliceous gravel)._.___..___..- aoe 5. 69 520 185 | 2, 870 
tw COMPRESSIVE STRENGTH 72 (shell limestone)_--.-_-.--___-- ‘90 6.05 565 240 3, 200 
e 1) 6.3 MIX 
GRADING NO. 2 
| 
Macrae.) Ak: ON 0. 84 6.14 540 220 2, 900 
44 (siliceous gravel)_.-.--...__--- 82 | 5. 54 480 200 | 2, 940 
| . 46 (siliceous limestone) ._-______.- . 83 | 6. 04 | 595 | 235 | 3, 110 
t , bON(Siliiceousigravel)..-_--.-_---.. . 84 5. 68 525 215 | 38, 050. 
i 2 60 (granite)..----.-------.------. 85; 5.86! 540 | 225 3, 040 
5) th ay yy yes we eee, ae wZ GUL GEIOKEAONE) — — oe nese Gao omer 1.06 | 5. 79 | 635 235 3, 620. 
ey g 88a ase a & eS Sa ws & 62 (cherty limestone)_.._.--.__-.- 85 | 5,90 | HOG | 240 | 3, ORO 
oe f £82208 <<eay 2 <62258 63 (argillaceous limestone)... --- 98 5, 98 505 240 3, 220. 
S55C VS S85ES 5 S552 6 SHES 2 64 (siliceous gravel).......--.--.. 84) 5.64 | 460 195! 2,950 
SSSuwsy Seeesg GG ee epee 65 (siliceous gravel). --_---------- ee 5. 62 | 505 | 200 | 2,870 
Sees eo) oes Seeczthe steer 3 66 (limestone gravel)-.----..-._.- 184 5. 69 | 565 245. 8, 240 
SEssszs ey ei ees eeeusesessereguues 67 (limestone gravel) .._..-.-.---- 87 5. 68 585 250 | 3, 430 
DOH & Oh otis) s Ca a Gia Be oa Gem eo oe ee 68 (siliceous gravel) .......---.--- 83 5. 61 520 205 | 2, 940 
ZYNMA-DOONF UNO -—-HROoOvenmo-maoOonrun o #2. (Shell@linmestome)== 252. ---- 28 - 93 | 5. 96 555 260 - 3, 280 
wor OW HOWUOT NFP WO HOWOYTPrORWOFT OW WHOOoOWANHR WOH = I = 1 
AGGREGATE NUMBER AND TYPE GRADING NO. 3 
Figure 6.—VARIATIONS oF Eacnh AGGREGATE FROM THE aes 2 eS EE eee 2 x 
GENERAL AVERAGE ror Eacu Mix tt ae ae ee 0.87 6.04 520 | 215, 2,870 
UG UIGeOUSIE RAG) eee. ee eee }  . 85} 5. 48 470 200 Z a 
in grading, although it is noticed that for the softer # jsiiceous ‘mestone)----------- pes ae oo) 
aggregates, Nos. 61, 63, and 72 (sandstone, argillaceous 60 es ae vio; Ba 500 220 3, 030 
31 (Sandstone) .._-. : fi A 
limestone, and shell limestone) , grading No. 4 gave the 62 (cherty limestone) __- 189) 5.87 75 2352. 950 
5 63 (argillaceous limestone) 1, 01 5. 92 5 wile 
lowest values. In most cases, gradings No. 1 or No.2 8 Clete oe a5) B62 a 185) 2,060 
were high in strength, while No. 3 or No. 4 were low, 65 Aes ee 4; 5.61 420 i ee 
i stone grav See co Oy cs Es f 
the most noticeable exception being limestone eravel 87 (imestonegrarel). ‘Ol; B64 B75 2i0 8,380 
aggregate No. 66, which gave a high value for erading 5 Ste oa fo ae ae aM a aan 
No. 4, and low value for grading No.2. In most cases, | 
as for aggregates Nos. 44, 65, 67, and 68, the differ- GRADING NO. 4 
ence for all four gradings was so slight as to indicate | | 
that within the Tanges "eed in this. investigation the TLC) eee a 0.90 | 6. 03 5 235 2, 780 
44 (siliceous gravel)_.--.--..----- 87 5. 51 475 | | ; 
grading of the.coarse aggregate has little direct effect 47 (siceous eravel).----------- ie 
upon flexural strength. 50 (siliceous gravel)....-........- B97 535 | 235 / 2,880 
GOMGRa MINCE sj oeee Sos 2 J. eee . 93 ! Ole | 515 | ‘ 2, 
In the tensile- strength tests, erading No. 1 resulted 61 ee is. — se iL ila 5 63 505 235 3, 260 
4 dstone) 6 | ae Z 
in low values in all but two cases, while grading No, 4 *2{ehertylimesfone)-“—"---c-"") e480 | gkp | aadBa0 
usually gave the highest values. One possible explana- 64 (siliceous gravel) =.= --7s--- 88-558) 455) 15 2, $80 
OC COUR AiO) ee re ee ee Piteid 4! t A 
tion for this is the relation between the $1zZe of the 66 dintestene eave Bett eee 88 5. 67: 620 . 2°60 i 3 ae 
est , & oF 
cross section of the specimen and the maximum size % ie es san mmne ES S| lUlUe| 
of aggregate used. In grading No. 1, 60 per cent of 72 (shell limestone) - 27222272222. 1.02 5.88 530; 255, «8, 010 


the material was retained on the 1! (-inch screen. The 
tension specimens had. appesmatelyaG 6-inch circular 
cross sections and it is believed that a larger cross 
section would probably have given higher streneths 
for the coarser gradings. One of the conclusions 
reached by Gonnerman and Shuman in their paper, 
Compression, Flexural and Tension Tests of Plain 
Concrete,? was that the size of specimen did not affect 
the tensile strength. However, it must be remembered 
that in their work the maximum size of aggregate was 
i inches. The fact that grading No. 4, which had 

© particles greater than 14-inch, gave "the highest 
welts in tension but did not do so in flexure or com- 
pression is an n indication that variations in | grading 


1 iauaee ee ofeimess T: M. », VOlM2S i piie2aeo5. 











1 Flexure and tension specimens broken at 29 days, compression specimens broken 
at 33 days. 


possibly affect the tensile strength to a greater extent 
than they affect the flexural or compressive strength. 
NO RELATION FOUND BETWEEN RESULTS OF ABRASION TEST AND 
STRENGTH OF CONCRETE 

On examination of the compressive-strength curves 
in Figure 7 we note just the opposite effect; that is, 
grading No. 4 shows low values generally while grading 
No. 2 1s high in strength. Taking into account the 
fact that the compression tests were made on the broken 
tension pieces, the results give indications that, from 
the standpoint of strength, * changing the orading may 
produce opposite results in different ‘types ‘of tests. 
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A more detailed study of the strength values may be 
made by referring to Table 8. In this table the water- 
cement ratios, cement factors, and the results of the 
three types of ‘strength tests are shown for each grading 
and each mix separ rately, 

The results of abrasion tests on each of the coarse 
aggregates are given in Table 2, together with a nota- 
tion in each case, indicating the particular type of abra- 
sion test made. In Figure 8 these values have been 
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Figure 7.—Resutts oF Streneru Tests on Eacu Grap- 
ing, AVERAGE FoR Four MIxEs 





plotted against the results of the three strength tests, 
for the purpose of ascertaining if any relation exists. 
It may be concluded from this chart that, within the 
range of quality here considered, no relation exists 
between the quality of the coarse aggregate as measured 
by this test and the strength of the concrete. 


RELATION BETWEEN TYPE OF AGGREGATE AND YIELD STUDIED 


The amount of cement required to produce a cubic 
yard of concrete for each of the aggregates and propor- 
tions studied is plotted in Figure 9. In this graph 
the aggregates are plotted in the order of ascending 
flexural strength as in Figure 3. The effect of shape 
of coarse aggregate fragment on yield is very apparent. 

Tt will be noted that the gravel aggregates Nos. 64, 


44, 50, 65, 68, 67, and 66, all of which contain rounded 


fragments, show consistently higher yields or lower 
cement factors than any of the aggregates consisting 
of crushed fragments. This of course is merely the 
effect of variations in void content due to shape of 
particles as is very clearly brought out by reference 
to Figure 10, where the relation between cement factor 
and percentage of voids for each grading is shown. It 
will be noted that there is a maximum ‘variation of 12 
per cent in voids for 14 of the 17 types comprised in 
this study. This occurs for grading No. 3 and caused 
a maximum variation in the cement factor of 0.56 bags 
of cement. (See Table 7.) These values illustrate 
the effect of shape of aggregate fragment on yield when 
the proportioning is done by the usual volumetric 
method. 

The effect of grading of coarse aggregate on yield 
for each type of ageregate may be studied by reference 
to Table 7. It will be observed that grading No. 1, 
in an requires somewhat more cement than the 
others. However, the maximum variation in cement 
requirement due to gradation, within the limits used 
in this investigation is much less than the variation 
due to type of aggregate. It must be remembered in 
this connection that only reasonably uniform grada- 
tions were employed. - For wide variations in grading 
the differences in the cement content would have been 
much greater. 


e@ STONE TEST + GRAVEL TEST 
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PERCENTAGE OF WEAR OF COARSE AGGREGATE 


Figure §8.—RELATION BETWEEN STRENGTH OF CONCRETE 
AND PERCENTAGE OF WEAR OF COARSE AGGREGATE 
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TABLE 8.——Water-cement ratio, cement factor, and results of strength TasuE 8.—Water-cement ratio, cement factor, and results of strength 




































































































































































tests } tests—Continued 
1 AGE VN GRIN GaN@. 1 1:1.6:4 MIX, GRADING NO. 1 
! alk sce of Fi Gum | Bags of | i Com- 
g | TW. cement | Modulus; Tensile | +00” : 6 > W | cement | Modulus” Tensile et 
Aggregate No. ‘o> per cubic lof rapture) strength Lane iaihe Aggregate No. G | per ae of rupture, strength strenare 
yard | } yar | 
l i i ' 
= = = ts - I ea ii 
: | Lbs. per | Lbs. per | Lbs. per | Lbs. per ; Lbs. per | Lbs. per 
| : sq. t sq. in. sq. in. | "gq. in. sq. in. sq. in. 
C1) (UC) ee eee ce Seen se = (0), WH tie ke) 255 By SORA) COO) os eee ee sccccoecescescs 0.78 | §, 21 570 200 2, 950 
San (Silieemusieniwel)).....--...-.028 all 6. 52 210 3,160) san(siliccousipravel)e = soe == 15 5. 58 510 185 3, 000 
46 (siliceous niles? Sea ames i 4 i 7. 00 aap b 130 F ae a ama e ecacepe 278 | u a oe a0 z Bs 
SUM(SUNIGeolIsHememel: ... 2... oe : B itis @ 6.60 2: 3, 46 siliceoust@navel)-_. 2222222 see == sid b 57 ; 
ranite ake el | 260 3, 70 (ALD) (Genenoult) 6 We ee Seeger eee ae ' 78 OY 530 215 3, 270 
i ee | Me CET co aamemamrrt ‘99; 80) BOS, = HO] 8B 
CoM chentywimieSt One) eee eeen ass Tes | 6, 98 nt 280 3, 710 62 (cherty limestone).._..-------- «tt é 04 (25 225 Bh. 050 
63 (argillaceous limestone)_______- : wSd 7. O8 560 | DS 3,650 63 (argillaceous limestone) ___._.__ 92 6. 10 | 525 250 3, 220 
Gansiliccousigravel)ir..-2-----s2-n 1 sr) 6. 65 560 205 3,390 64 (siliceous gravel) ......-.....--- ee 5.77 485 180 2, 930 
65 (siliceous Sie) eee ae eee | ame (6), (87 530 220 3, 370 65 (siliceous CPO Om) eee ee ces ae 7D 5.73 | 515 165 2, 860 
66 (imestone gravel) __.-_-____---| a4 6:71) 5 645 | 265 3,910 66 (limestone gravel)_.___________ wie 5. 81 635 | 255 3, 420 
67 (limestone gravel) _....-.._-__- neu Ge 655 | 285 | S000 “omeilimestone eine) -e.------ oan SL: 5, 83 610 225 3, 180 
68 (siliceous gravel) ....._-...__--- | otek 6. A8 | 570 230 3,340 68 (siliceous gravel)___..-_.-.---_- awit / i He) 540 Wi) 2, 820 
GOONS) ao) eee, i eee Baers O56) 655 | 310 3,440 72 (shell limestone) -._..--------- . 86 | 6. 14 | 590 235 3, 200 
0) (CSE ee ee ER so fs 28) 640 305 3, 930 ' 
ll (Ghai?) - So eden Ae ae ee ae | 677 vl 645 280 3, 640 
2 (shell limestone)..._._..-__-.-- : v7 7,05 610 } 3085 | 3, 950 1:1.6:4 MIX, GRADING NO. 2 
a il =a ue leona ‘ 2 me. 
sue. mS. “Gin — ae i i 
1:16: 3°MIX, GRADING NO? 2 40 (trap) po... SPOR, ; 0.79 6. 23 | 595 225 3, 010 
email - 44 paecous fe) Re ncnamcae . 76 5.57 490 a8 170 
: Fl | 7 15 1s | a : 46 (siliceous limestone) .-._-_----- es) - 6, 13 575 23 140 
eee | Ca ee Bu) ‘> 3,60 _ 50 (siliceous gravel)........-...._- 701° 5.77) B40 215} 3,290 
fh ain a: ait ie  NMMRLCOM Ca Welt e:) 20 pan 82 5.98 | 590 230 3, 000 
6 (siliceous limestone) _...._._.-- ia 7.03 645 5) | 3, 680 + © | , 
Fe are See ue ceo’ sess @NG@Omovomey ec | rol} = 5.87} 590 250) 3, 840 
ed (eranite).......-s-..| Te GO 620 | 280 3,649 62 (cherty limestone)... .---..-..- | +79 6.01 £00 | 235 3, 260 
61 (Sandstone)_....--...----.--| . 92 6.74 530 Ee a 6.05 om =u an 
62 (cherty limestone)... -____- 4} 6.90 680 | 290 3,700 64 (siliceous gravel) .......-...-.-- 8D 478 ve ee 
P: peti al é sz | BN 5 oe ‘ 5 (s J hea) ; Le = 95 200 3, O80 
63 (argillaceous limestone)... __- «85 | 6. 93 545 276 3,610 85 (silts BEN eb i a eh | 2 6 96 3° 570 
64 (siliceous gravel)..__.-....____- ne 6, 59 620 230 | 3, 390 66 (limestone gravel) .---..-----_- 18 Us 75 8 65 3,01 
= failin ie nee on . = 67 (limestone gravel) _._________-- .83 nade! 595 245 3, 670 
65 (s‘liceous gravel) ...____ ESE cea 5 7 | 6. 59 560 250 3, 170 ‘i eel iS S| 20 3’ 180 
66 (limestone gravel) __--._-_-__- a 6. 68 625 | 5 3,100 Fee === |e 5. 66 ae ed Dee 
67 (limestone gravel) -_._._.-_-__- 76 6. 70 670 310! 4,120 72 (shell Jimestone)....-.-..-.--.. 88 6. 00 | 555 265 3, 540 
68 (siliceous grave )_......-.------ 5 he 6, 59 610 | 250 3430) a ee L | 
CONG aay eee keene eee see eee 86 Oy de 635 845 3, 490 
Ae a... cece eee te 79 Tele 650 330! 3, 860 1:1.6:4 MIX, GRADING NO. 3 
Pile (Gis) 2)) Sa oe see keaaa oes 78 7.10 615 | O20) 3, 970 
72 (shell limestone).....-......-__ 82 6. 93 630 320 | 3.340 == | = 
a = i ee ce Rae * so nea D ert 0. 82 6. 14 525 | 195 3, 070 
; . 44 (siliceous gravel)._........--.-- ‘ .81 5. 49 485 | 185 3, O80 
1:1.6:3 MIX, GRADING NO. 3 46 (siliceous limestone) ....-.-..-- 82 6. 08 580 | 220 2, 940 
— —— — —— —_ FO) (CSHUDKOEIONDIS! NEN) oe ee eee ee Pe acill 5. 61 510 | 210 3, 130 
| 60 (granite) - Sono ccemuotoacHee ence | 85 5. 89 520 ; 210 3, 130 
C0) (ne) 0) ae, see 0. 76 6.98 | 610 255 SOOO (Ole (Gamal Ss tOme) ee. a2 0s eee ees 1. 06 tay, hee 555 | 240 3, 450 
44 (siliceous gravel)__.._.....-...- aiciay 6.45 | 530 235 3,350 62 (cherty limestone)_...-...-.--- . 8&4 5. 95 625 - 250 3, 180 
45 (siliceous limestone) ._.-_.___.-_ ane 6. 97 | 64) 285 3,480 63 (argillaceous limestone)_._____- 99 5. 95 485 ! 240 3, 140 
50 Cente Ravel) sees be ce Coin! 6. 58 | 599 pe 2 a 64 ee ae a es | . 80 5. 66 485 | 175 3, 210 
GD) (eg ON GS) ee ee eee Ati 6.76 | 570 275 ; 65 (siliceous gravel)___..._.._-__-.- 79 5. 65 relay PNG) 3, 170 
GUM (Same Store) mee == ae eee ee ase mo 6. 69 580 275 4,270 66 (limestone gravel)__..____..__-- . 84 6, 1103 590° 250 3, 520 
62 (cherty limestone)._._.-...-_..- BNA 6.85 | 625 275 3,550 67 (limestone gravel)_._.--_..._.- 87 5, 68 600 | Zio 3, 470 
63 (argillaceous limestone) _.___.__| Sie 6. 93 ' 545 235 3,610 68 (siliceous gravel)_......_..____- fell 5. 60 540 - 220 3, 080 
64 (siliceous gravel)....-_.-.._...- . 76 6. 54 530 22) 3,39) 72 (shell limestone)....-........-., 95 6. 08 585 | 250 3, 160 
65 (siliceous gravel) ...._..._.____- 7: 6. 38) 550 ° 210 3, 410 
66 oe SPAN) e aoe eee ee bh | 6. 62 635 300 3, 869 —) 
67 (limestone gravel) ......-_-___- 89 | 6. 65 655 315 4,110 | a . 
68 (siliceous gravel)......-.-----.- 14 6.49 595 265 3, 520 1:1.6:4 MIX, GRADING NO. 4 
GUNG. ee . ween e ee } al CaaS 645 355 3, 710 
NO) (GSU ES) 5 eee ee ree ee Seen . 82 7.03: 660 345 3, 889 ; | 
AUST = ee ee 7.05 630 310 Suse) “4 Os (tt aly) ease ee oes tee ee eee 0.86 6. 05 535 210 2, 890 
72 (shell limestone).....-.--.._._. 5 83 6. 93 | 615 | 310 3, 780 oe ete ae eye ae Soe Be ! 5. ie o a se 
; SUMECOUS WIMES TOMS eee s- == - | . 86 | 5. t 240 | i 
= a ae 7 50 sillesous eravel Meet... “Ba } 6 B60 568 225 2) 950 
-1.6:3 MIX " NG@ NO. CUT GrAmING) Bee... - See ose . 88 5. 8O 555 250 2, 900 
TSO aE, Cae em: 61 (sandstone)..........---------- al, aul | 5.71 520 | 225 3, 400 
ae = ; = = G2 A (Give itygliinneauane) eee eee 90 5. 89 | 615 225 2, 510 
£10) (Ces ee 0.78 | = 0B) 599 | 235 3, 330 63 (argillaceous limestone) ._..___- ; 105. 8. Bu 405 235 2, 800 
44 (sili F ae ‘ 64 (siliceous gravel).....____.___- . 84 5. 69 465 195 2,810 
SiliGonMsetiiie mee =ee see aoe y 76 6. 50 ; 540 250 3, 410 » fei]; Sans 2 a5 ; ; ai 
48 (sili poppe 3 a ‘ ; Z Gon@iliccouseravellin. --s.--5--oee 81 6.72 | 540 205 2, 940 
§ (siliceous limestone) _____-_--.- te 6.88 659 300 3, 510 Be hier Rei | ~ j Ry ‘ 
ee Bas a oe a pe eae! Ben OUnGlinmesvOne eiael) = see se . ee 85 | 5.71 640 260 3, 340 
50 (siliceous gray el) SAE pepe mei = Oder 6. 43 ; 570 P40) ' 3, §2)) 67 (limestone gravel) RY 5.71: 615 260 3, 420 
OUMPIEINGG) oe cccncn ata ee . .y Ree 555 230 3, 430 Fuori eee i aa. , co nee a a 
‘ 5 fs 68 (siliceous gravel)_..___........ 53 fi, (ANGE | 565 220 3, 050 
61 (sandstone) 2 AE AE \ ~ 05 6. Oy 570, 290, 4, 190 72 (shell limestone) i Q7 | 6. Ol 555 255 3. 120 
62 (cherty limestonme)_.___..__.__- ! . 80 6.87 655 300 3, 480 a eaeaiiitiniiiiia cat aaiaaaai = 35 g 
63 (argillaceous limestone) ----.._. Yl 6.74 524 235 3, 470 - Lan 
64 (siliceous gravel)_.......-.-.-.. art 6. 51 520 | 235 3, 520 
65 (siliceous gravel)_..._...--.---. 1 6. 59 Bap! ; 255 3, 340 1:2:4 MIX, GRADING NO. 1 
66 (limestone gravel) _._.__. .____- ell | 6,70 ° 70) | 315 3, 920 
GmiUmestoneyeraviely: =-222. === eiail 6. 68 615 330 3, 910 - , y 7 
Gar (SUIGE OW Siete el) mesons. aaa. | a 6, 50) 570 | + 285 He AUMICZ'0) (((jets0)) 4. eee yn ame i 0.87 5.76 aR 205 2, 750 
69 (slag) -_...- ce ceccceeeeeceeeeeee OL! 7. 09 635 345 3,630 44 (siliceous gravel)_...........--- 85 5. 30 455 | 160 2, 560 
70 (slag) __...- Boor Ge een esas 86 6.9L 65 355 | 3,730 468 (siliceous limastone)_-________ 87 5.72 560 | 205 2, 850 
TD == =~ ac <= 85 7.05 615 | 315, 3, 680-59 (siliceous gravel).............-.  . 87 5. 42 510 190 2. 750 
ig STEMI ULIMe Ss TOTMC) ioe ee =e)2 ee (88 6.83 575 | 330 3,650 60 (granite)..............____..-_- i 88 5. 62 495 | 185 | 2, 940 
a rr a A ie ee u Gil (Gamdstomeee-.2- 2 i. 10 5.48 540 | 230 3, 160 
a a ] if Rg) nan Oy 
‘ wee and tension specimens broken at 29 days, Compression specimens broken a ec. ]. A 5 64 He | ai A . 
o mvs: 64 (siliceous gravel)__........._-- 87 5. 42 430 185 2, 840 
; 65 (siliceous GAN oe es = . 86 5235 450 | 165 2, 570 
In the construction of concrete pavements the cost §f imestone gtavel)---.---.----- ; el ae a0 o| J 
of the materials is influenced to a large extent by the 68 (siligsous Genel)... .-.- 2240 8 5.37 40 | 165 2, 600 
: a BE a. i 2c os aie 2 ee ; f . 68 i) 21¢ 
amount of cement required to produce a cubic yard of 7  —_— — = igs} 577 500) 230 
conercte. It has just been shown that the cememt 1 (M86) jssgcso--------------- a) 24) 8 Bal 
factor varied considerably with the different aggregates | 
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i 
Bags of | : 
es a W cement Modulus Tersile Com- ae - ih cement | Modulus Tensile ' . OM 
Aggregate No. G ‘|per cubic ‘of rupture strength a Aggregate No. “G@ ~~ per cubic lof rupture strength ae 
| yard , Strength yerd | strength 
| 
x oa ——? a a ace oe we clin = ee aaa ‘taal a > 3 ae om ' a 
| Lbs. per | Lbs. per | Lbs. per Lbs. per | Lbs. per Lbs. per 
Sg. in. Sq. in. SO ona Es sq. in sg. in. sq. in. 
(00) 5 ae 0.89 5.77 495 195 | ONUdO) “AOUCEEA a oe ee ene | 0,92 5.59 | 45 19) 2, 4N0 
44 (siliceous gravel)_-..----------- Bislsl 9 5, 23 430 185 2,770 44 (siliceous gravel)_...-.....----- G90 457 | 459 165 3, 449 
46 (siliceous limestone) -_-.--.---- Bl 5. 69 555 Pala 2 2,710 46 (siliceous Jimestone)__..______- 90 Bye 595 221) | 2, 950 
60 (siliceous gravel)__-._-.-..._---- le 5. 31 435 215 ! 2,789 50 (siliceous gravel).............--, ms) 4.9% 490 18a | 2600 
1 ti ee 5. 53 470 200 . 2ER00 J GUMmeICe)....... meen eee area . 03 §. 14 1 480 “00 | 2. 609 
imsemcstole) .._......------.- 1.140 5. 46 535 230 | 3,320 61 (sandstone) ._ were re eee 1.15 4, O07 ASQ | 195 | 3,110 
OHea(cherty limestome).....--..--.- . 98 §, 50 570 NG) | 2,740 62 (cherty limestone..__._-._____- $2 5, 19 530 Qu) 2, 629 
63 (argillaceous limestone) --.-_--- 1.04 5. 62 485 235 | 2,990 63 (ar: itlaceous limestone)._____-- | 1.69 i Ail | 465 22i) | 2,870 
Gau(siiceous pravel)........---.-.- . 90 ' 5. 80 445 196 2,660 64 (siliceous gravel)_...... .___..-| 92 4.95 . GUN 165 | 2 610 
65 (siliceous gravel)_---_-.-------- 288 | §. 30 490 195 2,690 64 (siliceous gravel)__--..-.. -.--_- | a0 4. 93 470 165 | 2, 540 
66 (limestone gravel).--..-------- Oo. ouao 535 220 © 3,050 66 (limestone gravel)..___..--..-- anes 4.97 : FO | ona 4 2, 650 
67 (limestone gravel) _-..--------- - 93 | 6. 34 Sito 205 2,980 67 (limestone gravel).__..-._--_-- 96 4.94 | 500 , 2a) | 2, 960 
68 (siliceous gravel)_..._..-.------ 89 6. 26 450 195 2,750 6% (siliceous gruvel)_........_._._- 91 4.93 | 470 Nie 2, 390 
(09) (SG) 1,07 5. 69 515 230 2,650 72 (shell limestome).__....___-___. G2 5, 26 | 505 | B25 | 2, 70 
70 Ge) a 2c | 99 ie Fb 255 | 3, 160 | | 
Tl GE) ; 99 5. 73 520 205 2, 700 a 
(Ghelllimestone)....22-------- 1,00 | 5, 65 520 | 240 2, 940 12414 MEX, CRADINGINO, 3. 
a = 5 
rw TAN 4 (GRRE S SS eee semen 0. 96 Baal AGS 195 | 2, 440 
1:24 MIN, GRADING NO. 3 4 (siliceous gr avel)_. as...) Neto .92 4,81 430 175 2, 540 
—— : i (siliceous limestone) __.-_.__- : 94 | Gh, 245 540 Oh 2,710 
” ta ie ZUM SIINCAUUSESIVeL)). -oacsceecesec 95 4.89 475 200 2, 640) 
BONE) ....------------------- | somes | _50n2 om wis, We Gea | a ee) ee) ee 
fees (SiiceOus gravel)__.....--.--.-.| . 90 5. 16 435 | 185 2, 610 61 (Samstomeyel ls Quen 1, 23 4,95 | 480 1X0 2 BRU) 
46 (slilceous limestone) ----------- . 94 5. 62 540 | 238 2,580 62 (cherty liniestone).__....------ soon 5.17 500 194 2, 490 
me) Giliceous)zravel)_-__...-..-..-. $1 5, 26 4380 195 | 2,660 63 (argillaceous limestone) _____- es 5, 22 455 | 295 | 2. $30 
60 nasi aogocses a0 SESREEEReeS 87 5. 46 480 | 210 | 2,660 64 (siliceous gravel)__-.___-____--, 94 4.95 , 430 | 170 | 2,750 
Mm Gao vOMe) eens 2-2 --o------- i 1.16 5. 36 540 225 | 3,230 65 (siliceous gravel) ___- he ie 92 4,98 435 as 2, 630 
62 (cherty limestone) _.-_.-.--.--- »&6 5. 52 995 | 220 | 2,580 66 (limestone gravel)_....____-_-- 98! 4,93 | 530 | 230, 2, 950 
63 (argillaceous lime.tone)._...-- 1.07 5. 57 465 | 225 3,020 67 (limestone gravel) _.-..-.-.-_- 1.00 | 4.95 | 515 | 215 | 9, 800 
Ge (siliceous gravel) .-..---.----_. ; 9h 6, 31 430 | 185 2,510 68 (siliceous gravel) _...---------- foe 4.93 40) 185 2740 
Gon (ulicéous gravel) .......----.-- | 89 5, 26 450 | 180 2,730 72 (shell limestone)__-.__-._-.._- 1.10 5,18 | 495 | 925 2, 630 
66 (limestone gravel) -.-.---.----- PS 5, 32 550 | 239° 3, 090 " | 
67 (limestone gravel) .......-...-- 6 6. 28 §30 | 230 2, 950 = = = a Se Se 
68 (siliceous gravel).....-.-_.-___-- | . 92 fy 2 500 ! 190 2, 540 ys a 
(5) (SIRE) cape nae | a tg 5, 76 535 230 2, 520 1:2:472 MIX, GRADING NO. 4 
/l! (USD) ele ese 1. 03 5. 67 | 516 | 250) | 2al0. a ae — = = 
WY (slag) - -- ------ -------------~-- 68 5. 75 vee ee 0.98 | 5.33 455 210 2, 450 
72 (shell limestone) _...-----.-.-.- 1.05 5.51 | 515 = 2,70 44 (siliceous gravel) -_....--_- ee mer 420 160 | 2, 250 
La eee ae ee 4 (siliceous limestone) _..-_..._.. I 0}0) 4 6, 18 579 | VAN) 2, 470 
zee 50 (siliceous Braye Se sede Sere 9S } 4, 87 480 210 . 2, 510 
1:2:4 MIX, GRADING NO. 4 GOM(IRATIIC pee ee eee 1,03 ! 5. 06 465 205 | 2, 500 
‘ > =_— wale: ©. 2) @l Ganeisuime) 2 ee it, 4, 95 455 190 2, 10 
] 62 (cherty limestone) _......___._. 1.01 5. 18 eo 200 2, 430 
(00) 36 0.96 | 570k 480 | A) i 2,460 63 (argillaceous limestone)_.---.--' 1.17 ; 5. 08 435 190 | 2, 660 
a4 (siliceous gravel)...-..-.------. a 5. 17 425 | 215 | 2,550 64 (siliceous gravel) .----- »5anecHs os | 4.85 405 165 | 2, 430 
Goateiiceous limectome)......--.-- iy en ish 5.68 4 540 240 | 2,600 65 (siliceous gravel) _.--_-----.--- noe 4, 98 44() 190 2, 340 
50 (siliceous gravel)_.....----.---- LO5 8, 96 50 B25 | 2,640 66 CQimestone gravel)___...------- 46 4, 96 675 210) | 2, 820 
MO arenite)_..--.-.-------- WG 5. 44 | 475 215 2.490 67 (limestone gravel)..---..------ 1.03 | 4. 94 515 235 2, 820 
61 (sandstone)._..--------- + al, Ba) 5, 28 470 es GeReO Mom olliccOUs PTAVel)ee=s==s- == o =e 94 | 4.90 495 185 2, 510 
62 (cherty limestone)_..__..-_._-. 1.63 | 5. 49 | 650 235 2460) 72: (shell limmestome)—__—-=- 0 === ees ee 5.19 | 480) 205 , 2, 540 
63 (argillaceous limestone) _.._.._- ~The 5.47 460 225 2, B60 SS, > Al nai de eee et ae 
64 (siliceous gravel) __..--_----- aoe, silo! Gh lbs 430 190 } 2, 580 
5 (siliceous grav ( 5, 2 2N0; 67 ye aval 2 : ; Pye 
ey) Ce SC, «=| «=| Ss horn CORPesponding cement factor, we obtain @ series of 
67 (limestone gravel). --....-.-.. ee ae 35 235' 2.810 values which may be used to compare these aggregates 
Gsieilicgous gravel).........-.---- oe 5, 22 | 470) 215 2, 5380 pi yes oe : oe 
. ) ) 15, 5.7 45 240 2530 On a strength-yield basis. This has been done for the 
i  —.  —/menenama 108 S67 460 300 2 sp) general average values and the results are shown in 
72 (shel! limestone)._--.---------. | 208). 8; mS 240 2,720 WKigure 11. Examining the curve showing the relation 
between modulus of rupture and cement factor, we 
) 
1:2:414 MIX, GRADING NO. 1 note that there are four aggregates which stand out 
= 7 above the others. They are Nos. 46, 62, 66, and 67 
4 cca | RABE aeeage ea Se Fie 175) 2.350 (two limestones and two limestone gravels), the same 
43 (siliceous limestone).-.--.---.) 90; 6.32) DK iss; 2460 four that gave the highest flexural strength. There 
50 (sili Oe ey acl 5.02 491) 170 2, 550 < r 2 = ae 1 
lata iaeeaa | ig) 819 300 gs! oe are four others, Nos. 50, 61, 68, and 72 which are 
ee eco me). -.---...------.- 8 oe 495 215 =93110 grouped together while the remaining six, Nos. 40, 
62 (cherty limestone)_.___..___._- fil 5.27 560 © USS ey se me os = 
63 (argillaceous limestone) -._.___- | 207: 8.27 AR() 215 | 3,170 00 a6 and 65 show a rather low factor. With 
fid (siliceous gravel)___....._.-.__- .90 | 5, 00 420 ida. 2, 42) 7 
Bicone rarely 22027 a fe Pea) 150 2 2un the exception of the trap and argillaceous limestone 
E 66 (limestone gravel)..__......-.. | 90 5.05 505 210, 270 gooregates Nos. 40 and 63, the agarezates line up in 
67 (limestone gravel) __._....-_.-- . 43 5,08 Bay Pate 2,090 ob" Yo , sib 
6 (siliceous gravel)..........---- L139 5. 60 485 | im! 270 somewhat the same order as they do in Figure 3. 
5, Ba 535. | 2 


72 (shell limestone)__.._....._._.- | 98 215 | 2, 680 















used in this investigation. If our only problem were 
to construct a slab. containing concrete proportioned 
arbitrarily by volume, we would naturally select aggre- 
gates producing the highest yield. If, on the other 
hand, we had only to design a slab with a specified 
strength without considering economy, we night select 
entirely different aggregates. The ideal aggregate is 
the one giving high strength and also high yield. Ee 
dividing ‘the flexural strength of each aggregate by th 


These facts demonstrate that the increased strength 
developed by certain aggregates is not due entirely to 
increased cement content in terms of unit of volume of 
conerete. If the variations in strength were due to this 
cause alone, we should expect the strength-yield 
factors derived in the above manner to produce a 
horizontal line, instead of an ascending curve. 

It is interesting to note that both the tension and 
compression oraphs i in Figure 11 present approximately 

the same order of ascending and descending values as in 
e Figure 3. These values as well as the transverse test 
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64 SILICEOUS GRAVEL 
44 SILICEOQUS GRAVEL 
65 SILICEQUS GRAVEL 
63 ARG LIMESTONE 

60 GRANITE 

6! SANDSTONE 

68 SILICEOUS GRAVEL 
40 TRAP 

50 SILICEOUS GRAVEL 
72 SHELL LIMESTONE 
67 LIMESTONE GRAVEL 
66 LIMESTONE GRAVEL 
62 CHERTY LIMESTONE 
46 SILICEOUS LIMESTONE 
71 SLAG 

63 SLAG 

70 SLAG 


AGGREGATE NUMBER AND TYPE 


FIGURE 9.—QUANTITY OF CEMENT REQUIRED For 1 CuBic 
YARD OF CONCRETE. AGGREGATES ARRANGED IN ASCEND- 
ING ORDER OF FLEXURAL STRENGTH 
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GRADING NO. } 
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GRADING NO. 3 
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Figure 10.—RerLation BETWEEN CEMENT FacToR AND VOIDS 
IN CoaRSE AGGREGATE, AVERAGE oF Four MixsEs 


results discussed above indicate that the strength of the 
concretes must have been affected by factors inherent 
in the aggregates themselves as well as by the actual 
amount of cement present. 

The ratios found between the strength in flexure, 
tension, and compression are given in Tables 9 and 10. 
It should be remembered that the compression speci- 
mens were broken four days after the flexure and ten- 
sion of specimens were broken which of course makes 
the ratio between tension and flexure the only true one. 
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ligure 11.—Reriation Between CEMENT Factor AND 
FLEXURAL, TENSILE, AND COMPRESSIVE STRENGTHS, 
AVERAGE or ALL TESTS 


However, ‘the other ratios are useful in making rela- 
tive comparisons. Table 9 gives these ratios for each 
mix, while in Table 10 they are given for each grading. 
There is one point worthy of note in Table 9 and that is 
the ratios of tension to flexure for the different mixes. 
The 1:2:4% mix showed about the same ratios as the 
1:1.6:4 mix, both beig low, while the 1:1.6:3 mix 
showed the highest values throughout. The tension- 
compression ratios are about the same for all four 
mixes, while the modulus-compression ratios are higher 
for the lean mixes. These tables, show in general 
that the same ratios do not exist between the three 
types of tests for all aggregates. 
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TaBLE 9.—Ratios between strength in flerure, tension, and compression for each mix (average of four gradings)! 
: . —— —— 
WisdeGe3 | 1:1.6:4 | 2a 1:2:414 
Aggregate No. ; io . es a ij l r ie 
| Yen Ten. Mod. | Ten Ten. Mod en, § en. 1 Mod: Ten Ten. Mod. 
‘| Mod Comp. Comp. | Mod Comp. Conip Mod. | Comp, ,; Comp. Mod. | Comp. Comp. 
ie | z = a —- —— a 
20). mcnadeepaae ce 0. 44 0. 077 0.176 | 0. 38 0.070 0. 186 0.43! 06.079' 0.185 0.42 0. 080 0. 189 
Oo eens tho Ses Ge oS ee 44 071 . 160 39 . O64 1b1 740 072 , 167 . 38 . 068 phi 
Po yep Soe on ee rr 42 . ORO 2188 | -38 | OF 202 el . O84 . 206 OF OTF 210 
Ee oe ence ieee suse ce ceseecsa! 44 074 . 166 | . 39 | . 067 173 41 rare . er 39 . O74 . 189 
D0) cheno SSS OC SOS ee i 247 aie , 162 | 41 . 073 | Wg 43 | “ae | lS . 40 , 073 181 
Oca snecobneen seen ; . 50 . O68 1309 743i . O65 ead 43 . O74 . 166 Al . O67 . 164 
Oo ko ee ee . 44 . 079 28 a 38 | OTR . 205 . 40 . 084 | , oe . 389 . O81 BO: 
oo not ReBRSOese ae 0 ST 162 LAN One 160 48 Cree. . 168 Ae O75 160 
Be mentee GS ASRS ORC ee 42 . 066 . 156 ou . 961 157 . 44 ane . 164 . 38 . 062 163 
Oo in eet OUOSOOSACee SS ee 43 = Oval! . 166 | 38 . 0685 71 40 | . O70 Pl eel 38 069 184 
Li  . emontdeSnee nena a F 45 ana . 169 : 42 O74 176 . 43 | . 076 | wlig || . 40 076 1490 
ee eee ec ckcen ce ec ee eoen 48 O77 , 162 4 .4i O78 176 39 “ies! ; . eG 43 O79 183 
) .aeocncet Oo Baa 44 075 . 169 | 38 . 068 178 39 O73 187 . 36 . 068 . 185 
ey eS eld a re rer fa) 095 | 6 UAE, B= es eee ee Same Ios mee . 44 | . 089 | eee ee | 2 A | sa 
8 cio ac. ee §2 . O87 rs VEY 5 sees ems eae el Reel Ee ee .48 | . O80 as: |e Seu |New anaes he eS 
I ee ac occ ieee decmcecek ele 50 082 | Pe iG\aS US 2 ae ee a epee |Fepeecene ae . 44 | . O85 UU: | en eo ae ee 
Ee nao oboe wenn ee dec enne ay . 083 | , 159 44 Blau: 175 46 . 082 , . 181 48) . O81 . 190 
ROME Se os cu becccccassescens ee ce 47 O77 . 165 . 40 O71 | So} 43 078 | . 183 40 | O74 . 184 



































1 Peiire and tension specimens broken at 29 days, compression specimens fiowen« at 33 iat S. 


TaBLE 10.—Ratios between strengths in flexure, tension, and compréssion for each grading (average of four mixes)! 






































Grading No. 1 Grading No. 2 Grading No. 3 Grading No. 4 
Aggregate No. a *y 4 2 i 
Ten. Ten. Mod. Ten. Ten. , Mod. Ten Ten. Mod Ten Ten. Mod. 
Mod. Comp. Comp. ' Mod. Comp, , Comp. Mod Comp. Comp. ; Mod. | Comp. | Comp. 
H 
Ee ee ee ee ae eee anos dca ene 0. 40 0. 074 0.182 — 0.41 0. 076 | 0. 186 0. 41 0. 075 0, 181 0. 44 | 0. O81 0. 185 
CU ee SORE Se GAO Se rr . 38 . O64 | . 169 ~42 068 | . 163 - 43 . 069 W162 44 075 | . 169 
OM, Sebi ob ee aon See eee ee .30 . 072 | - 205 39 . O76 5 Het 42 | . 082 . 196 . 42 . O88 6 mala 
ee oe oa Se a asa oa sea eee 36 065 | . 181 41 Om oli 43 . 073 Bala: 44 . O82 ! . 186 
(1, OpseitcmcinocSSSSEe ee OAeos Sa aane . 39 . 067 | e270 42 O74 . 178 . 44 . 073 . 165 47 . O85 . 182 
Go een ASS S SSS 6500S see 45 . 068 | pala . 44 . 065 ° . 148 . 43 . 067 156 47 072 | . 155 
Po pensoboboSotSbeoes De bbe .39 O77 . 198 . 40 . 078 . 193 41 . O80 . 195 41 | . 088 pes 
fe so tO OBS G GEGEE MEER ee ee . 46 . 073 | 159 | 248 075 | «157 . 00 . 078 . 156 Ad . 081 | . 164 
NEE ee SE eisai Scien cadics ane .38 . 062 . 163 42 . 066 . 156 .39 | . 063 159 . 43 . 069 . 161 
PIER raya ea Sena cas eae siaceccco sa . 36 . 063 relat . 40 070 | 176 . 40 . 065 . 164 «43 | . O76 w76: 
600 emt COCR GE RE IETE II EE ea 41 O71 auiom . 43 . O76 174 44 . O76 ss, .42 . 080 | . 190 
Lo eso abeSdGa SONS SEE ete jhe) . 070 5 heyy 48 . 073 eelial: 45 | . O78 mess 46 . OS2 . 176 
US. Sooo dS Eee aS a eeeee apie . O64 pales .39 S0n0) va 41 One 178 438 | 077 180 
Toe eenigoGso5 6 SOBER Se 42 075 | oul 47 . 079 . 169 47 | . O84 178 | 48 O85 | 176 
AT nag a nies re ‘3 I i] 1 
AWOIOES. 33S Se aee ee 39 . 069 | alii 42 . 073 V2 43 . O74 172 45 | . 080 . 180 
1 1 














DATA INDICATE DESIRABILITY OF PROPORTIONING CONCRETE BY 
TRIAL METHOD 


The preceding discussion has demonstrated quite 
conclusively that the water-cement ratio alone does not 
control the strength of the concrete. It has been shown 
that the various coarse aggregates which are in common 
use to-day in the construction of pavements may have 
certain qualities inherent in the aggregates themselves 
which may cause a wide variation in strength for a 
given water-cement ratio. Further analysis of the 
data, however, shows equally well that for any given 
agerecate, variations in the water-cement ratio will 
affect the strength substantially in accordance with the 
well established fundamental law. This fact is of 
considerable assistance in connection with the design 
of concrete paving mixtures to meet certain strength 
requirements, as will be discussed below. 

In Figure 12 there has been plotted for each aggregate 
the relation between the water-cement ratio ‘and the 
strengths in flexure, tension, and compression. Before 
plotting these curves an attempt was made to correct 
the apparent water-cement ratios, as shown in the 
tables, for absorption of coarse aggregate. It was 
found, however, that certain of the aggregates were so 
nonhomogeneous that it was impossible to obtain 
reasonable concordance on repeated tests for absorption. 
These discrepancies were so great in a number of cases 
as to lead to the conclusion that the present standard 
method of making absorption tests on small 1,000-gram 


! Flexure and tension specimens broken at 29 days, compression specimens broken at 33 days. 

















samples is practically worthless for nonhomogeneous 
aggregates. Attempts to make mathematical cor- 
rections were therefore abandoned and values corre- 
sponding to the average water-cement ratios for aggre- 
gates having little or no absorption were adopted for 
each of the four mixes. It was felt that under the 
circumstances this was the most logical method of 
showing this relationship because it assumes that, if it 
had been possible to make an accurate correction for 
absorption, the net water-cement ratios for all the 
aggregate for a given mix would have been approxi- 
mately the same. The only other variable which might 
affect this assumption is the shape of the aggregate 
fragments. It seems reasonable to suppose that, other 
things being equal, an aggregate having rounded sur-. 
faces would’ require less water than one having angular 
surfaces. However, inspection of Table 6 fails to reveal 
any significant differences which may be attributed to 
this factor. It is felt, therefore, that the water-cement 
ratios assumed for use in the charts are reasonably 
close to the true values, with the possible exception of 
ageregates Nos. 61 and 63, both of which were very 
highly absorptive. 

Referring now to Figure 12, it will be observed that 
for all three types of test the strength decreases pro- 
portionately with increases in the water-cement ratio, 
resulting in a series of substantially parallel curves each 
of which represents the strength-water ratio relation 
for a given aggregate. For purposes of studying the 
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. Figure 12.—Reiatrion BETWEEN WatER CEMENT Ratio 
i AND FLEXURAL, TENSILE, AND COMPRESSIVE STRENGTH 





effect of mineral composition the aggregates have been 
grouped into four divisions, the six calcareous materials 
being indicated by crosses, the single sandstone by an 
X, the trap by an open circle, and the various materials 
which are essentially siliceous, such as the quartz 
gravels and the granite, by solid circles. The grouping 
of materials by types as previously discussed is at once 
apparent. Of interest, also, is the fact that, in so far 
as tensile strength is concerned, the curves are practi- 
cally horizontal for water-cement ratios between 0.8 
and 0.94. Aside from this the relation between strength 
and water-cement ratio follows the well known law 
fairly closely for each type of test. 


The fact that these water-cement ratio-strength 
curves are practically parallel gives us a method of 
designing concrete paving mixtures by trial as described 
in the paper, The Design of Concrete Paving Mixtures 
by the Water-Cement Ratio Method, which appeared 
in the August, 1928, issue of Pusiic Roaps. This 
method consists essentially in determining for any 
eiven water-cement ratio, say 0.8, and for each com- 
bination of aggregates under consideration, the trans- 
verse strengths at 28 days under standard laboratory 
conditions. The resulting values are then plotted and 
curves drawn through each parallel to the basic water- 
cement ratio-strength curve. 

By noting the water-cement ratio at which each of 
these curves cuts the design strength line, the propor- 
tions which must be used in the case of each aggregate 
to secure the design strength with the desired work- 
ability may be determined by trial, from which in turn 
may be determined the quantities of materials in each 
case for a unit volume of concrete. A study of the 
relative costs of materials will then fix, in general, the 
most economical combination to use. 


CONCLUSIONS 


Based on the variables included in this investigation 
and the resulting test data, the following conclusions 
are drawn: 

1. That the tensile, flexural and compressive strength 
of concrete are affected appreciably by the character of 
the coarse aggregate used. 

2. That the tensile and flexural strength are affected 
to a greater extent than the compressive strength. 

3. That for a given aggregate there is a fairly well 
defined relation between the strength of the concrete 
and the water-cement ratio. 

4, That variations in the character of the coarse 
aggregates, other things being equal, may result in a 
difference in flexural strength equal to that produced 
by an appreciable change in the water-cement ratio 
with any given aggregate. (In this study, for instance, 
aggregate No. 46, with a water-cement ratio of 0.94, 
produced concrete of somewhat higher flexural strength 
than aggregate No. 44, with a water-cement ratio of 
0.74—a difference of 0.2.) 

5. That there is a fairly definite relation between 
certain mineralogical characteristics of the coarse ag- 
gregate and the strength of concrete, calcareous agere- 
gates in general giving consistently higher flexural 
and tensile strength than siliceous aggregates. 

6. That, in general, aggregates having rounded frag- 
ments produce concrete of lower flexural and tensile 
strength than aggregates which are composed wholly 
or in part of crushed fragments. 

7. That, within the limits of this study, variations in 
grading of coarse aggregates have no consistent effect 
upon the strength of concrete. (It is not to be inferred 
from this statement, however, that control of grading is 
not important. Variations in grading occurring during 
construction not only affect yield when measurements 
are made by volume but also affect the workability and 
and therefore the uniformity of the concrete). 

8. That, within the range in quality covered by this 
study, there is no relation between .the quality of the 
coarse aggregate, as measured by the abrasion test, 
and the strength of the concrete. 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department’s free supply is 
exhausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 


DEPARTMENT BULLETINS 


No. *186D. Highway Bonds. 20c. 

220D. Road Models. 

257D. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

*314D. Methods for the Examination of Bituminous Road 
Materials. 10c. 

*347D. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10ce. 

*370D. The Results of Physical Tests of Road-Building 
Rock. 15c. 

886D. Public Road Mileage and Revenues in the Middle 
Atlantie States, 1914. 

387D. Public Road Mileage and Revenues in the Southern 
States, 1914. 

3888D. Public Road Mileage and Revenues in the New 
England States, 1914. 

390D. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 

407D. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 

463D. Earth, Sand-Clay, and Gravel Roads. 

*532D. The Expansion and Contraction of Concrete and 
Conerete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building Rock 
in 1916, Including all Compression Tests. 5c. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

*660D. Highway Cost Keeping. 10c. 

*670D. The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 

*§691D. Typical Specifications for Bituminous Road Mate- 
rials. 10c. 

*724D. Drainage Methods and Foundations for County 
Roads. 20e. 

1216D. Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use in 
connection with Federal-aid road construction. 

1259D. Standard Specifications for Steel Highway Bridges, 


adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 


DEPARTMENT BULLETINS—Continued 


No. 1279D. Rural Highay Mileage, Income, and Expenditures, 
1921 and 1922. 
1486D. Highway Bridge Location. 


DEPARTMENT CIRCULARS 


No. 94C. T. N. T. as a Blasting Explosive. 


331C. Standard Specifications for Corrugated Metal Pipe 
Culverts. 


TECHNICAL BULLETIN 
No.55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 


No. Specifications, Con- 


for Federal-Aid 


62M. Standards Governing Plans, 
tract Forms, and Estimates 
Highway Projects. 
93M. Direct Production Costs of Broken Stone. 
*109M. Federal Legislation and Regulations Relating to the 
Improvement of Federal-Aid Roads and National- 
Forest Roads and Trails. 10c. 


FARMERS’ BULLETIN 
No. *838F. Macadam Roads. | 5e. 


SEPARATE REPRINTS FROM THE YEARBOOK 


No. 1914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon the 
Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 19, D- 3. Relation Between Properties of Hardness 
and Toughness of Road-Building Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D— 8. Tests of Three Large-Sized Reinforced- 


Concrete Slabs Under Concentrated 
Loading. 

Vo. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 
crete Slab Subjected to Eccentric 
Concentrated Loads. 











* Department supply exhausted. 
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